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Figure  6. 

Red  Sea  -  15°N  41°E  -  Color  wrong  for  temperature  <  25° 

Figure  10. 

Baltic  south  of  58°N  -  Color  wrong  for  temperature > 5° 

South  of  Sumatra  0°-3°S  99°  -  100°E  -  Color  wrong  for  temperature  <  25 

Figure  14. 

Bay  of  Bengal  15°N  84°E  -  Color  missing  for  depth >  90M 
Figure  22. 

Northwest  corner  of  Gulf  of  Mexico  -  Color  missing  for  temperature  >  20° 
Figure  26. 

Red  Sea  19°N  37°E  -  Color  wrong  for  temperature <  25° 

Figure  32. 

Gulf  of  Aqaba  -  Color  wrong  for  temperature  < 20° 

Arabian  Sea  15°-18°N  60°-64E  -  Color  inside  heavy  closed  contours  wrong 
for  temperature < 25° 

Figure  36. 

In  the  Gulf  of  Darien  (Atlantic  side  of  the  Isthmus  of  Panama)  the  contour 
lines  read  (from  north  to  south)  25.  24.5,  24.  24,  and  24.5. 

Figure  42. 

Arabian  Sea  at  15°N  60°E  and  12°N  70°E  -  Color  inside  heavy  closed  contours 
wrong  for  depth > 60M 

Figure  46. 

Tongue  of  the  Ocean  23°-  25°N  77°-  78°W  -  Color  wrong  for  temperature < 25° 
and  color  extends  into  shallow  area  which  should  be  white 

Figure  58. 

Baltic  -  Ice  line  should  be  deleted 
Figure  64. 

In  the  Gulf  of  Mexico  (west  of  Florida  and  northwest  of  Cuba)  the  23. 3* con¬ 
tour  line  should  be  broken  in  the  same  area  as  the  20.5,  21.5,  and  22.5 
contour  lines.  The  contour  line  running  southward  from  the  south  coast  of 
Grand  Bahama  Island  through  the  Florida  Strait  to  the  north  coast  of  Cuba 
should  intersect  the  coast  just  west  of  the  intersection  of  the  25°  contour 
line  with  the  coast  of  Cuba.  It  has  a  value  of  24°. 

The  18.5°value  north  of  Yucatan  should  be  15°.  The  contour  lines  east  of 
this  value  should  range  from  20°  to  15°.  They  have  been  left  out  because  of 
Inadequate  space. 

Figure  72. 

Yucatan  Peninsula  -  Color  wrong  for  temperature  <25°  (and  offset) 

Figure  140. 

North  of  Baffin  Island  -  Color  wrong  for  depth  <  30M 
Figure  144. 

Middle  of  Red  Sea  -  South  edge  of  color  for  >30°  does  not  extend  to  heavy 
30°  line 

Figure  146. 

North  Sea  55°N  1°E  -  >  should  be  < 

Figure  148. 

North  of  Cuba  at  23°N  78°W  -  There  is  a  north-south  26°  line  missing  which 
connects  the  two  shallow  areas 

Figure  138. 

Pacific  0-5°S  80°-  96°W  -  Tongue  shaped  area  extending  from  Ecuador  coast 
to  and  beyond  Galapagos  Islands  is  wrong  color  for  temperature  20° 

Figure  212. 

Annual  cycle  figure  labeled  22°N  37°W  (Atlantic  Ocean)  is  correct  for 
that  location,  but  curves  for  22°N  37°E  (Red  Sea)  should  have  been 
printed  here 


9 


-I 


ATLAS  OF  NORTH  ATLANTIC  —  INDIAN  OCEANj 

AND  MEAN  SALINITIES  OF  TH 


MARGARET  K.  ROBINS 
COMPASS  SYSTEMS,  I 
SCRIPPS  INSTITUTION  OF  OCEAN! 


ROGER  A.  BAUER 
COMPASS  SYSTEMS,  I 


ELIZABETH  H.  SCHROE 
WOODS  HOLE  OCEANOGRAPHIC 


NAVAL  OCEANOGRAPHIC  OFF 
NSTL  STATION,  BAY  ST.  LOUIS,  MS 


X 


1 


MAN  OCEAN  MONTHLY  MEAN  TEMPERATURES 
IITIES  OF  THE  SURFACE  LAYER 


RGARET  K.  ROBINSON 
MPASS  SYSTEMS,  INC. 

UTION  OF  OCEANOGRAPHY  (ret.) 


ROGER  A.  BAUER 
WPASS  SYSTEMS,  INC. 


ABETH  H.  SCHROEDER 
i  OCEANOGRAPHIC  INSTITUTION 


1979 


IAL  CONTAINS  COLOR  PLATES:  ALL  DDC 
TnuCTIONS  WILL  BE  IN  BLACK  AND  WHITE 


Approved  for  public  release; 
distribution  unlimited. 


/AL  OCEANOGRAPHIC  OFFICE 
ATION,  BAY  ST.  LOUIS,  MS  39522 


▼ 


FOREWORD 


The*  temperature  charts  in  this  North  Atlantic-Indian  Ocean  atlas  are  based  primarily  on 
bathythermograph  data  collected  from  1911  to  1970.  but  also  on  means  extracted  from  published  charts 
and  unpublished  tabulations.  They  result  from  a  thorough  statistical  analysis  ami  reanalysis  of  the  data, 
supplemented,  where  necessary,  by  painstaking  subjective  analysis. 

This  atlas  will  be  useful  to  oceanographers,  meteorologists,  and  marine  biologists  who  undertake 
studies  in  the  North  Atlantic  and  Indian  Oceans  requiring  knowledge  of  water  temperatures  in  the  upper 
192  ft.  (150  ml.  In  addition,  underwater  acousticians  may  find  these  data  useful  in  conducting  near¬ 
surface  sound  propagation  studies. 


<V.  C.  PALMER 
Captain,  USN 
Commander 
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INTRODUCTION 


This  North  Atlantic-Indian  Ocean  Atlas  contains  monthly 
mean  sea  temjieratures  at  the  surface  and  five  subsurface  levels 
at  10()-ft  (80-mi  intervals  to  192  ft  1 150  ni).  The  choice  of  the  100- 
ft  depth  interval  continued  the  analysis  standard  set  by  earlier 
studies  of  subsurface  temperature  distribution  in  the  Pacific 
Ocean  based  on  HT  data.  These  depths  are  clearly  marked  on  BT 
grids  making  depth  interpolation  unnecessary  and  minimizing 
reading  errors.  The  selected  five  equal  100- ft  intervals  are  the 
minimum  required  to  describe  the  basic  subsurface  temperature 
structure.  A  large  proportion  of  the  BT  data  was  processed  in 
Fahrenheit  degrees;  however,  to  conform  with  general 
oceanographic  usage  publication  is  in  degrees  (Vlsius.  A 
Fahrenheit-Celsius  conversion  table  appears  on  each 
temperature  chart  for  the  convenience  of  the  user. 

Mean  salinities  are  also  presented  at  the  six  levels.  The 
salinity  values  are  means  of  the  National  Oceanographic  Data 
Center  ( NOTH')  1989  collection  of  hydrocast  station  data.  The 
means  are  not  true  annual  means  because  very  little  winter  data 
have  been  collected,  particularly  in  the  northern  seas,  and  the 
means  are  therefore  designated  “all-data"  means. 

Included  are  charts  derived  from  monthly  means  consisting  of 
monthly  topographies  of  the  top  of  the  thermocline,  monthly 
temperature  difference*  between  the  surface  and  KM)  ft  1 120  nn. 
annual  means  and  ranges  for  each  of  the  six  levels,  and  annual 
cycle  curves  for  selected  locations  demonstrating  surface  and 
subsurface  seasonal  temperature  variations.  A  fool-meter  con¬ 
version  table  appears  on  each  thermocline  chart  and  a 
temperature*  difference  conversion  table  on  the  charts  of 
tem|>erature  difference  between  the  surface  and  100  ft  (120  mi 
and  charts  of  annual  temperature  range. 

A  matching  data  distribution  chart  is  provided  for  each 
monthly  and  annual  temperature  chart  at  all  levels  and  for  the 
surface  salinity  charts  only,  since  the  salinity  data  distribution 
for  all  levels  to  150  meters  is  essentially  the  same. 


century  Vim  Ar\il9*»2t  rvwewtd  •• 
fluenced  thought  in  the  marine  ■ 
the  Mediterranean  heacon  tUCl>  . 
Sea  1»>50  1900“  with  particular  re  : 
tidal  theory  and  the  origin  of  i|u 
Prestuich  il*75i  summarized  tin 
observations  of  over  sixty  expedii 
tions  between  1719  1M»*  and  di»< 
temperature  distribution  in  the  do  : 
extensive  searches  of  original  pub;  ■ 
From  these  sources  the  de\r!<-i 
oceanography  and  the  navigationa. 
which  made  it  possible  are  sumnur 

Western  man’s  knowledge  of  tin  • 
Phoenicians  and  Greeks  in  tin-  Med:' 
Recent  evidence  from  stone  insenp 
pottery  shards  discovered  in  both 
described  by  Fell  1 1970 1 indicates  t  ha 
Egyptian  traders  may  have  reached  1 
B.r.  and  500  A. I).  With  the  fall  of  R" 
the  skills  and  knowledge  of  the  . 
knowledge  of  their  early  voyages  an 
Viking  voyages,  were  lost  to  Europe . 
tifie  knowledge  of  the  Greeks  and  I 
bian  scholars  and  rediscovered  by  r 
the  Crusades  in  the  1 1th  century,  Ii. 
Moors  into  Spain  aftertheir  8th  cent  u 

Navigational  instruments  used  in  i 
ly  forms  of  the  magnetic  coni  pa* 
magnetic  compass  was  again  in  in 
common  use  by  1200  A.D.  Although 
not  understood,  it  was  recognized  a 
pensate  for  it.  The  astrolabe,  which 
vented  by  the  Greeks,  was  known  t 
was  lost  until  around  1800,  but  was  a 
With  these  navigational  instrument* 
ploration  !>ogan  with  Bartholomew  I 
and  Vasco  da  (jama.  1497.  follow  c< 
world  expedition  of  1519-1522. 


The  Atlantic  section  of  the  charts  extends  from  5°S  to  7d°N 
and  from  100°W  to  75° E.  but  contours  in  the  northwest  stop  at 
Hudson  Strait  and  in  the  northeast  at  45°  E  in  the  Barents  Sea 
and  do  not  extend  south  into  the  White  Sea.  The  Indian  Ocean 
insert  covers  the  area  5°S  to  80° N.  ‘12°E  to  l(Ki°E. 

The  monthly  temperatures  and  all-data  salinities  in  this  atlas 
are  a  [xirtion  of  the  Ha uer- Robinson  Numerical  Atlas  on 
magnetic  ta|ie.  The  charts  were  traced  front  computer-generated 
contour  charts  from  the  Numerical  Atlas.  Data  in  the  Numerical 
Atlas  contain  tcmiierature  anti  salinity  values,  at  the  surface, 
subsurface  100-ft  levels,  and  at  all  NO|H*  hydrocast  depth  levels 
from  150  to  5.000  meters.  Additionally,  the  ta|ie  contains  means 
at  Fleet  Numerical  Weather  Central  tFNWV)  analysis  levels: 
000.  H(M).  KMX)  and  1200  ft. 


LITERATURE  REVIEW 

Mwlern  oceanography,  the  analysis  of  the  physics  of  the  sea. 
was  not  possible  until  theory  and  instruments  capable  of  accurately 
sampling  water  at  depth  were  dcvelofied  at  the  end  of  the  1 9th 


In  the  following  2<M)  years,  while  l 
highway  for  ships  of  Spain.  France 
colonize  and  plunder  the  new  world, 
great  natural  philosophers  and  math 
nicus,  Mercator.  Kepler.  Galileo.  I 
Newton,  and  Leibnitz,  was  lay  in 
knowledge  and  techniques  that  w 
standing  of  the  physics  of  the  ocean., 
tion.  and  distribution  of  temperatut 

Hand-in-hand  with  the  increase  in 
the  invention  and  improvement  of 
The  invention  of  the  sextant  in  17 
Hadley.  Englishman,  and  Thomas  t! 
improved  latitude  measurements.  Tl 
use  with  little  change  to  the  present 
longitude  was  still  a  serious  navig 
Queen  Anne  of  England  offered  a  pr 
invention  of  an  accurate  chronometi 
was  won  by  John  Harrison  in  17t>2  <  • 
invention  in  1714  of  the  mercury  the 
establishment  of  the  Fahrenheit  «Fi 


I _ 


.  .  ntiin  \'i»n  Ar\il!*62>  reviewed  t hr  hi*tnr\  of  that  in* 

!  ' > nun'll  thnught  in  t ht*  marim*  scirnws.  Marling  in  *» If i  I!  C  in 
Mn  Mediterranean  I  Van  in  <  I  i»T  1  *  published  "ScienlM*  and  the 
S*m  ]ii‘»ii  PHM*”  w  it h  pari  icular  emphasi*  on  1  lie  development  nf 
1  ’da  i  theor\  and  ! h«*  origin  of  the  sail  ronteni  in  the  organs 
PreMwich  1 1  >75 i  summarized  the  oceanographic  temperature 
oie-erv alions  oi  over  sixty  e\|Maditions  eondueted  l>y  seven  na¬ 
tion*  between  1 T H*  lM>>  and  diseiisseil  the  early  theorie>  of 
temperature  distribution  in  the  deep  seas.  These  author*  made 
extensive  searches  <»f  original  publications  not  available  to  u*. 
From  these  sources  the  development  of  the  seience  of 
oceanography  and  the  navigational  and  measuring  instruments 
which  made  it  possible  are  summarized 

Western  man’s  knowledge  of  the  oceans  began  with  the  earlv 
Phoenicians  and  Greeks  in  the  Mediterranean  and  Aegean  Seas 
Recent  evidence  from  stone  inscriptions,  bronze  v\ea|Hins  and 
pottery  shards  discovered  in  both  North  and  South  America, 
described  by  Fell  l  1976  (indicates  that  Celtic. Basque.  Iberian. and 
Kgyptian  traders  may  have  reached  the  Americas  between  151  mi 
B  ( '  and  5(H)  A. I  >.  With  the  fall  of  Rome,  trade  had  collapsed  and 
the  skills  and  knowledge  of  the  early  mariners,  as  well  a> 
knowledge  of  their  early  voyages  and  the  later  isoo  1 1f  Hi  Alt* 
Viking  voyages,  were  lost  to  Europeans  Fortunately,  the  scien¬ 
tific  knowledge  of  the  (Ireeks  ami  Romans,  preserved  by  Ara¬ 
bian  scholars  and  rediscovered  by  northern  Kuro|icnns  during 
the  Crusades  in  the  11th  century. had  been  reintroduced  by  the 
Moors  into  Spain  after  their  8th  century  conquest  of  that  country 

Navigational  instruments  used  in  the  Roman  era  were  the  ear¬ 
ly  forms  of  the  magnetic  compass  and  the  astrolabe.  The 
magnetic  compass  was  again  in  use  around  UNMI  A. IK  and  in 
common  use  by  1200  A. IK  Although  magnetic  declination  was 
not  understood,  it  was  recognized  and  attempts  made  to  com¬ 
pensate  for  it.  The  astrolabe,  which  measured  latitude,  was  in¬ 
vented  by  the  (ireeks.  was  known  to  the  Romans,  apparently 
was  lost  until  around  1800.  hut  was  again  in  general  use  by  1850. 
With  these  navigational  instruments  the  era  of  great  ocean  ex¬ 
ploration  began  with  Bartholomew  Diaz.  1488.  Columbus.  1402. 
and  Yaseo  da  (lama.  1407.  followed  by  Magellan’s  round  the 
world  expedition  of  1510-1522. 

In  the  following  200  years,  while  the  North  Atlantic  was  the 
highway  for  ships  of  Spain.  France.  England,  and  Holland  to 
colonize  and  plunder  the  new  world,  scientific  inquiry  by  many 
great  natural  philosophers  and  mathematicians,  such  as  Coper¬ 
nicus.  Mercator.  Kepler.  Galileo.  Descartes.  Hooke.  Halley. 
Newton,  and  Leibnitz,  was  laying  the  foundation  of  the 
knowledge  and  techniques  that  would  lead  to  our  under¬ 
standing  of  the  physics  of  the  ocean,  its  currents,  tides,  circula¬ 
tion.  and  distribution  of  temperature,  salinity,  and  chemicals. 

Hand-in-hand  with  the  increase  in  scientific  knowledge  came 
the  invention  and  improvement  of  navigational  instruments. 
The  invention  of  the  sextant  in  1780  independently  by  John 
Hadley.  Englishman,  and  Thomas  Godfrey.  American,  greatly 
improved  latitude  measurements.  The  sextant  has  remained  in 
use  with  little  change  to  the  present.  Accurate  determination  of 
longitude  was  still  a  serious  navigational  problem.  In  1714. 
(Jueen  Anne  of  England  offered  a  prize  of  20,000  pounds  for  the 
invention  of  an  accurate  chronometer  for  use  at  sea.  The  prize 
was  won  by  John  Harrison  in  1762.  Of  equal  importance  was  the 
invention  in  1714  of  the  mercury  thermometer,  followed  by  the 
establishment  of  the  Fahrenheit  (Fl  temperature  scale  in  1724 


and  the  Centigrade  (Celsius  |C|  >  scale  in  1712. 

Soon  thereafter,  scientific  expeditions  were  organized  to 
measure  oeean  temperature,  not  only  at  the  surface  hut  also  at 
great  depths.  Between  1 7 lit  ami  1>6>  there  wen*  over  sixty  e\- 
peditions  undertaken  by  ships  of  Great  Britain.  France.  Russia, 
l  he  Netherlands.  Austria.  Denmark. and  the  United  States  These 
exjHslitions  gathered  surface  and  subsurface  temperatures  in 
the  Atlantic.  Pacific,  and  Indian  Oceans  from  the  Arctic  to  the 
Antarctic. 

According  to  Brest wich  the  bulk  of  the  subsurface  measure¬ 
ments  that  he  summarized  front  these  early  expeditions  was 
taken  by  self-registering  maximum-minimum  thermometers  in¬ 
vented  by  James  Six  in  17x2  or  by  modifications  of  his  instru¬ 
ment  by  both  French  and  British  artisans.  In  Is  12.  the 
Frenchman  Airne  devised  a  crude  form  of  reversing  ther¬ 
mometer  which  he  used  in  the  Mediterranean.  In  1S57.  the 
British  firm  of  Negretti  and  Zambra  exjK*rimented  with  a 
protected  thermometer,  hut  not  until  1874.  after  the  beginning  of 
the  (’hath  nm  r  Expedition.  were  protected  and  unprotected  ther¬ 
mometers  perfected  by  that  firm. 

The  early  discoveries  in  the  subsurface  waters  were  that 
temperature  decreased  rapidly  from  the  surface,  then  more 
gradually  at  greater  depths;  that  subsurface  water  beneath  the 
equator  was  colder  than  that  to  the  north  and  south.  As  early  as 
1780  the  Frenchman  Saussure  discovered  that  the  deep  water  in 
the  western  Mediterranean  had  a  uniform  temperature  of  ap¬ 
proximately  55.7° F  <18.2°C),  confirmed  by  Berard  in  1881-82 
and  Airne  in  1840-44.  In  1826-29.  the  Frenchman  DTrville  con¬ 
cluded  from  deep  temperature  measurements  made  aboard  the 
Asfmlnfx  that  in  the  open  ocean  temperature  at  and  below  8200 
feet  (975  ml  was  constant  between  89-41  °F  (3.9-5°Ci.  In  1889, 
England’s  Sir  James  Ross  was  dispatched  on  the  joint  expedition 
of  the  Disco  wry  and  Research  to  investigate  the  Antarctic 
Ocean.  He  concluded,  as  did  D’Urville,  that  there  was  a  per¬ 
sistence  of  uniform  temperature  of  89.5° F  (4.1°C)  below  certain 
depths  in  the  great  oceans.  Similarly,  the  American  Wilkes  on 
the  U.S.  exploring  expeditions  of  the  Vincennes  and  /VurocAr 
1839-42.  came  to  the  same  conclusion. 

Even  Sir  Wyville  Thomson,  until  the  voyage  of  the  Lightning 
in  1868,  had  accepted  the  idea  of  the  constant  4°C  temperature 
water  in  the  deep  ocean  because,  as  quoted  by  Deacon  (p.  308 1. 
“the  fallacy  had  been  accepted  and  taught  by  nearly  all  the 
leading  authorities  in  Physical  Geography.”  These  men  had  ig¬ 
nored  or  been  unaware  of  the  findings  of  the  Englishman 
Marcett  in  1819  and  the  Frenchmen,  Erman  in  1828  and  Despretz 
in  1837. that  the  freezing  point  and  point  of  maximum  density  of 
sea  water  varied  with  the  salinity  of  the  water  and  that  freezing 
points  as  low  as  28.4°F  (  2°C)  could  occur.  Errors  in  judgment 
of  the  early  explorers  were  primarily  due  to  the  improper  ap¬ 
plication  of  pressure  corrections  to  their  observations. 

The  Russian  Lenz,  however,  as  early  as  1823-26.  had  proved 
that  in  the  open  ocean  temperatures  at  great  depths  were  little 
above  0°C(32°F).  The  Frenchman. Du  Petit-Thouars,  in  1836-39, 
fully  confirmed  Lenz’s  observation  that  temperatures  from  35- 
37° F(1.7-2.8°C)  existed  at  great  depths  in  both  the  great  oceans. 

As  early  as  1812  and  again  in  1831.  von  HumlKildt  contended 
that  the  existence  of  cold  layers  in  low  latitudes  proves  the  ex¬ 
istence  of  undercurrents  flowing  from  the  |*oles  to  the  equator. 


Without  these  submarine  currents,  he  claimed,  the  tropical  seas 
at  depth  could  only  have  a  temperature  equal  tothe*‘local  max¬ 
imum  «»f  cold  of  the  falling  particles  of  water”  from  the  cooled 
surface  of  the  tropical  sea.  In  the  Mediterranean  the  absence  of 
cold  water  at  depth  was  explained  by  the  Frenchman  Arago  in 
1838  by  the  assumption  that  the  entrance  of  deep  polar  currents 
into  the  Mediterranean  was  prevented  by  the  shallow  sill  at  the 
Straits  of  Gihralter.  resulting  in  the  constant  13.2°C  deep 
temperatures  reported  by  Berard  and  Ainu*.  Lena,  both  in  Island 
1845.  reviewing  data  furnished  by  himself  and  others,  noticed 
the  existence  of  a  belt  of  water  at  or  near  the  equator  cooler 
than  that  at  a  short  distance  to  the  north  and  south,  and  thet  the 
maximum  salinity  does  not  occur  at  the  equator  but  some 
degrees  north  and  south  from  it.  at  23°N  and  17°S  in  the  Atlan¬ 
tic. 

From  the  data  he  had  collected,  edited,  and  corrected. 
Prestwich  <18751  was  the  first  to  prepare  and  publish 
longitudinal  temperature  sections  from  the  surface  to  great 
depths  ttwo  sections  in  the  Atlantic  and  two  in  the  Pacific  from 
the  Arctic  to  the  Antarctic,  one  in  the  Pacific  east  of  Australia 
from  25°S  to  68°S,  and  one  in  the  Indian  Ocean  from  20°  N  to 
40°S». 

Meanwhile.  LT  Maury,  USN.  at  the  World  Meteorological 
Conference.  Brussels.  Belgium,  in  1853,  proposal  that  sea  sur¬ 
face  tem|>erature  and  meteorological  data  be  collected  and 
archived  on  a  worldwide  basis  by  ships  of  all  member  nations.  In 
1855  he  published  ‘The  Physical  Geography  of  the  Sea."  which 
contained  the  first  sea  surface  temperature  charts  of  the  North 
Atlantic.  The  collection  of  sea  surface  temperature  data  begun 
by  Maury  is  now  being  maintained  and  continually  updated  by 
the  Environmental  Data  Service.  National  Climatic  Center. 
Asheville.  North  Carolina. 

The  celebrated  Ch  ul Icuucr  Expedition  of  1872-76.  whose  col¬ 
lections  of  sea  life,  ocean  bottom  depths,  and  sediments  con¬ 
tributed  so  greatly  to  the  knowledge  of  these  subjects,  also  add¬ 
ed  many  details  but  did  not  greatly  change  the  concepts  of  the 
physical  oceanography  of  the  seas  as  described  by  Prestwich. 
The  reason  for  this  was  that  the  temjH*rature  measurements 
were  made  from  Miller-Casella  thermometers,  each  requiring  its 
own  pressure  correction  determination.  Unfortunately,  an  error 
was  made  in  computing  the  pressure  corrections  and  the  correc¬ 
tions  applied  were  too  large.  The  Siemens  electrical  resistance 
thermometers  that  were  aboard  had  been  sent  home  before  the 
Challeitfivr  went  beyond  the  Antarctic  Convergence  because  of 
the  difficulty  in  using  them  at  sea.  When  the  subsurface 
temperature  inversion  was  encountered,  instruments  capable  of 
measuring  the  inversion  were  not  available.  U|M>n  reaching 
Hong  Kong  in  1874,  Negretti-Zambra's  reversing  thermometers 
were  placed  on  board.  After  some  initial  difficulties,  they 
worked  well,  but  the  results  were  higher  than  those  obtained  by 
the  improperly  corrected  Miller-Casella  thermometers  and  were 
therefore  questioned  and  only  occasionally  used.  The  (’In illemjer 
returned  to  the  Atlantic  through  the  Straits  of  Magellan  and  did 
not  encounter  again  deep  temperature  inversions.  In  spite  of  the 
difficulties  with  the  thermometers,  the  Challeinjer  did  discover 
that  temperatures  in  the  deep  South  Atlantic  were  higher  on  the 
east  side  than  on  the  west  side,  from  which  Tizard  (1876) 
deduced  the  existence  of  the  Mid-Atlantic  Ridge  and  the  Walvis 
Ridge  although  Wyville  Thomson  did  not  accept  Tizard ’s  ideas. 
The  Puerto  Rico  trench  and  Mariana  trench  were  discovered  but 
the  bottoms  were  not  reached  when  the  thermometers  hurst,  as 


greater  depths  were  encountered  than  had  been  anticipated  Th< 
chemist.  Buchanan,  who  discovered  the  error  in  the  piv^un 
corrections,  published  in  1884  a  report  on  the  specific  gra\  it;. 
the  ('hull*  tin*  r  water  samples. 

Buchan  (1895)  summarized  corrected  ('halh  nyt  r  and  other 
pre-1895  deep  data  in  12  horizontal  isothermal  charts  between 
the  surface  and  1500  fathoms,  and  Murray  (189Si  discussed  tin- 
annual  range  of  temperature  in  surface  water  of  the  oceans  and 
its  relation  to  other  oceanographic  phenomena,  based  on  Clml 
Iruj/cr  and  other  *  bservations. 

In  1877.  Alexander  Agassiz,  aboard  the  l\S.  Coast  Survey  ship 
Blake .  surveyed  in  the  Caribbean  and  Gulf  of  Mexico.  Tizard  and 
Murray  (1882) and  Tizard(1883i  reexamined  the  Faeroe  Channel 
in  the  summers  of  1880  and  1882.  discovering  and  naming  the 
shallow  Wyville  Thomson  Ridge,  which  separates  the  Arctic 
Basin  from  the  North  Atlantic  Basin  and  which  has  important 
consequences  on  subsurface  temperature  and  salinity  distribu¬ 
tions.  In  1885,  Alberto  I.  Prince  of  Monaco,  began  systematic 
oceanographic  observations  in  the  Mediterranean  and  North 
Atlantic  aboard  his  yachts.  Hiroudclh  and  Princess  Alia.  In 
1890  Pillshury  published  his  observations  of  the  velocity  of  the 
Gulf  Stream  made  from  the  Hlnki  at  anchor  stations  in  the 
Florida  Straits  and  in  the  waters  of  (’ape  Hatteras  and  in  the 
passages  of  the  Windward  Islands. 

Publications  of  the  Norwegians,  Bjerknes  ( 18981  and  Bjerknes 
and  Sandstrom  (1910-11).  marked  the  beginning  of  the  modern 
physics  of  the  oceans.  Bjerknes  provided  a  theoretical  basis  for 
determining  the  field  of  motion  in  the  sea  from  measurements  of 
the  vertical  and  horizontal  distributions  of  pressure.  Knudsen 
had  already  published  hydrographic  tables  for  the  conversion 
of  chlorinity  to  salinity  and  to  sigma-T  in  1901,  In  1915  lies* 
selherg  and  Sverdrup  published  tables  for  (he  computation  of 
pressure  and  mass  distribution. 

When  Fridtjof  Nansen  developed  the  reversing  water  bottle 
in  1914  for  use  with  the  protected  and  unprotected  mercury  ther¬ 
mometers,  which  had  come  into  general  use  and  were  U»ing 
produced  by  C.  Richter  or  Smith  and  Voss  berg  in  Berlin,  theory, 
instruments,  and  computational  methods  of  modern 
oceanography  had  become  established. 

Meanwhile,  the  International  Council  for  the  Exploration  of 
the  Sea  (ICES),  founded  in  1902,  began  in  1908  to  publish 
hydrocast  data  collected  by  ships  of  member  nations  in  the 
North  Atlantic  Ocean  and  North  and  Baltic  Seas.  Publication  of 
hydrocast  data  by  ICES  has  continued  to  date  except  during  the 
years  1915-26.  Hydrocast  data  from  1930-59  from  ICES  publica¬ 
tions  were  U9ed  in  this  atlas. 

Helland-Hansen  and  Nansen  (1926)  published  their  observa¬ 
tions  of  temperature  and  salinity  taken  in  the  eastern  North 
Atlantic  by  the  Armiuer  Hansen  in  1913,  1914.  and  1922.  Also 
used  in  the  preparation  of  charts  of  temperature,  salinity,  and 
density  were  summer  observations  previously  collected  using 
modern  instruments,  on  the  following  cruises:  Michael  Sars, 
1910;  Fridtjof,  1910;  Front .  1910;  Thor,  1905-6. 1910,  1911;  Dana, 
1922;  Planet,  1906;  Motee,  1911;  Deutschland,  1911;  Marynthc, 
1913;  and  Princess  Alice,  1902-3. 

The  International  Ice  Patrol  was  established  in  1914  after  the 
Titanic  disaster.  Smith  (1926)  of  the  U.S.  Coast  Guard  showed 
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that  Bjerknes’  principles  could  he  a]>plied  to  circulation  in  the 
Labrador  Sea  and  Baffin  Bay.  Since  that  time  the  U.S.  Coast 
Guard  has  collected  both  hydrocast  and  BT  data  in  these  areas. 
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In  the  period  between  1920  and  1938  many  important 
oceanographic  expeditions  took  place  in  the  Atlantic  and  adja¬ 
cent  seas.  These  included  German  expeditions  aboard  the 
Meteor  and  Affair,  Danish  expeditions  on  the  Dana  and 
Godthaab,  U.S.  expeditions  on  the  Atlantis  and  Mabel  Taylor 
and  a  Norwegian  expedition  aboard  A  nnauer  Hausen.  These 
expeditions  used  the  modern  reversing  thermometer  and 
Nansen  bottle. 

Schott  (1935)  published  his  “Geographic  des  Indischen  und 
Stillen  Ozeans.”  He  made  use  of  oceanographic  data  collected  by 
the  Dutch  Suelfins  Expeditions,  1929,  1930,  and  1931,  which 
were  not  published  until  much  later  (Van  Riel,  Groen  and 
Weenink,  1957).  In  1935  Lumby  published  an  atlas  of  surface 
temperature  and  salinity  distribution  of  the  English  Channel 
based  on  data  from  1909-1927.  The  year  1936  saw  the  publica¬ 
tion  of  two  of  the  Meteor  Expedition’s  atlases,  Wust  and  Defant 
on  the  stratification  and  circulation  of  the  Atlantic  Ocean,  and 
Bohnecke  on  the  temperature,  salinity,  and  density  at  the  sur¬ 
face  of  the  Atlantic.  In  the  same  year,  Iselin  published  an  ac¬ 
count  of  the  circulation  of  the  western  North  Atlantic  based 
mainly  on  evidence  of  dynamic  sections.  In  1937  Parr  reported 
on  the  time  variations  of  temperature,  salinity,  and  flow  velocity 
in  the  Straits  of  Florida.  Spilhaus  reported  his  important  in¬ 
strument  design,  the  mechanical  BT,  in  1938. 

In  1940  Iselin  discussed  the  variation  in  the  transport  of  the 
Gulf  Stream  on  the  basis  of  15  dynamic  sections  made  between 
Montauk  Point  and  Bermuda.  Sverdrup.  Johnson,  and  Fleming 
(1942)  published  ‘The  Oceans:  Their  Physics,  Chemistry  and 
General  Biology.”  In  the  same  year  Schott  published  his 
“Geographie  des  Atlantischen  Ozeans.”  Both  Sverdrup  and 
Schott  based  their  discussions  on  the  modern  oceanographic 
data  collected  since  1900.  Schott’s  book  contained  a  wide  selection 
of  topics,  ranging  from  early  voyages  of  exploration  to 
meteorology  and  commerce  in  addition  to  discussion  and  charts 
of  distributions  of  temperature  and  salinity.  Sverdrup’s  chapter 
on  the  water  masses  and  currents  of  the  oceans  is  the  first 
detailed  worldwide  summary  and  description  of  these  subjects 
that  provided  the  basic  framework  for  post-1945  theoretical 
studies  and  oceanographic  exploration.  Neither  was  able  to 
publish  details  of  the  annual  variation  of  temperature  in  the  up¬ 
per  150  meters  of  the  ocean.  It  took  more  than  30  additional 
years  for  a  sufficient  collection  of  BT  and  hydrocast  data  to 
make  this  possible. 

Since  1946  a  number  of  summaries  of  temperature  data  in  the 
North  Atlantic  and  Indian  Oceans  have  been  published. 
Fuglister  (1947)  published  charts  of  monthly  sea  surface 
temperatures  of  the  western  North  Atlantic  based  on  BT  and 
hydrocast  data  to  1946.  Krauss  (1958)  published  monthly  charts 
of  sea  surface  temperature  and  salinity  in  the  North  Atlantic 
between  50° N  and  80° N,  as  well  as  tabulations  of  hydrocast  data 
collected  between  1870  and  1953.  His  charts  show  considerable 
variability  in  salinity  as  well  as  temperature  from  month  to 
month.  The  position  of  the  357..  isoline  shifts  widely  from  the 
mean  position  shown  in  this  atlas.  Although  individual  observa¬ 
tions  occasionally  show  intrusions  of  357-  water  nearer  to  the 
coast  of  Greenland,  the  all-data  means  locate  the  western 
boundary  of  this  isoline  north  of  55°  N  at  approximately  33°  W. 


In  1960,  Fuglister  published  an  “Atlantic-  Ocean  Allas  of 
Temperature  am!  Salinity  Profiles  and  !>ala  from  tin-  Inter- 
nationai  Geophysical  Year  of  1957  195s.”  The  HT  truer*  col¬ 
lected  on  thN  expedition  an*  reproduced  therein  and  an*  part  of 
the  data  iistd  in  this  atlas.  Dietrich  i19(52i  published  "Moan 
Monthly  Tem|K*rature  and  Salinity  of  the  Surface  Layer  of  the 
North  Sea  and  Adjacent  Waters  from  1  !«)-">  to  1951.“Tomezak 
and  Goedeeke.  in  1962  and  1964,  published  vertical  and  horizontal 
charts  of  temperature  distribution  in  the  North  Sea  based  on  sea 
surface  and  hydrocast  data  front  1902-1954. 

In  1963  Schroeder  published  “North  Atlantic  Temperatures 
at  a  Depth  of  200  Meters”  based  on  a  subset  of  all-data  means 
computed  from  the  1962  running  monthly  means  of  hydrocast 
and  BT  data  on  file  at  the  Woods  Hole  Oceanographic  Institu¬ 
tion  (WHOI).  In  1965  Schroeder  published  “Average  Monthly 
Temperatures  in  the  North  Atlantic  Ocean.”  This  paper  con¬ 
tained  monthly  profiles  along  eight  meridians,  surface  to  300 
meters  from  20°N  to  the  coasts  of  New  England,  Canada, 
Greenland,  and  Iceland  based  on  WHOI’s  combination  of 
hydrocast  and  BT  temperature  data  means.  In  1966  Schroeder 
published  “Average  Surface  Temperatures  of  the  Western  North 
Atlantic”  where  she  noted  that  her  values  were  1-2°C  higher 
than  those  in  the  same  area  published  by  Fuglistcr  (1947).  In 
comparison  with  Bohncckc  (1936)  and  the  U.S.  Navy  H.O. 
225  (1944),  there  was  a  temperature  difference  of  +2°C  in 
summer  months  and  -3°C  south  of  Cape  Hattcras  in  winter. 
Also  in  1963  Cochrane  published  results  of  Texas  A&.M  Col¬ 
lege’s  expedition  to  study  the  equatorial  undercurrent  and 
related  currents  off  Brazil. 

Wust  (1964)  published  “Stratification  and  Circulation  in  the 
AntillcanTCaribhcan  Basins,”  using  analysis  methods  he  had 
developed  in  his  1936  work  on  the  Meteor  data.  Smcd  (1964a) 
published  anomalies  of  sea  surface  temperature  in  the  area 
50°N  to  67°N,  0°  to  50°W  from  1876  to  1961,  showing  some 
anomalies  larger  than  ±1°C.  In  particular,  the  period  1930- 
1960  had  on  the  average  higher  temperatures  than  the  period 
1900-1930.  In  the  same  publication,  Smcd  (1964b)  presented 
salinity  anomalies  for  the  Celtic  Sea,  47°N  to  52°N,  5°W  to 
10°W,  1903-1958.  These  anomalies  range  from  +0.19  to 
-0.13V...  Mann,  Grant  and  Foote  (1965)  of  the  Bedford  Insti¬ 
tute  of  Oceanography  published  an  atlas  of  oceanographic 
sections  in  the  northwest  Atlantic  Ocean  based  on  data  taken 
in  February  1962  and  July  1964. 

Buljan  and  Zore-Armanda  (1966)  published  the  1952-1961  col¬ 
lection  of  hydrographic  data  in  the  Adriatic.  These  data  were 
combined  with  BT  data  in  the  preparation  of  this  atlas.  In  19(57 
the  U.S.  Naval  Oceanographic  Office  published  their  most  recent 
atlas  of  the  North  Atlantic  sea  surface  temperature  based  on 
data  from  1854  through  1958  in  Pub.  700.  Sea  surface 
temperature  atlases  based  on  data  extending  back  into  the  19th 
century,  including  the  U.S.  Navy  Hydrographic  Office  atlas  of 
sea  surface  temperatures  (1944),  and  those  of  the  Koninklijk 
Nederlandsch  Meteorologiseh  Instituut  — Red  Sea  and  Gulf  of 
Aden  (1949),  Indian  Ocean  (1952)  and  Mediterranean  Sea  (1957). 
and  LaViolette  and  Mason’s  monthly  charts  of  sea  surface 
temperatures  of  the  Indian  Ocean  (1967),  have  a  negative  bias  of 
approximately  0.5°  -  1°C  relative  to  the  sea  surface 
temperature  derived  primarily  from  BT  data  taken  between 
1942  and  1966.  To  remove  this  bias,  isotherm  patterns,  rather 
than  absolute  temperatures,  were  followed  when  values  from 
these  atlases  were  used  to  fill  our  fields  in  no-data  areas. 

Several  publications  between  1967-1969  were  extremely  use¬ 


ful.  These  included  Nowlin  .md  Mi  i  .ell. i  >  - 
Mexico  in  winter,  M.i/eik.iN  all. is  <>l  the  ( 
on  sea  surface  data  1854-1963,  Cm  in  . 
surface  salinity  off  northeastern  S. n it  • 
1964,  Wal ford  and  Wieklund's  “M.  n 
Structure  from  the  Forida  Kcts  t>> 

BT  data  collet  ted  1941-19(54  in  tin  Uil 
atlas  of  oceanographic  sections.  19n' 
Davis  and  Denmark  Straits,  labrador  r 
atlas  of  the  Tyrrhenian  Sea,  a  joint  puhln 
N’azionale  dclle  Riccfchc.  Rome,  and  tin  n 
Nuvalr,  Naples,  by  Alivcrti,  Picotti,  l  rm 
and  Morclti  was  based  on  both  In  dim  : 
were  not  in  the  WHOI  files.  Their  tempi 
detailed,  hut  are  in  good  general  agrccim  :  ; 

In  1969,  Dietrich  published  his  “All.!' 
of  the  Northern  North  Atlantic  Ocean  i\ 
1958.”  The  IGY  years  1957-1958  prod  a 
peraturcs  in  the  surlacc  layer  of  both 
Oceans.  Smcd’s  (1964)  anomalies  in  ;*: 
area  show  annual  positive  anomalies  loi  1 ! 
charts  indicate  that  the  largest  positive  m 
the  winter  and  that  summer  temperatures  w 
A  similar  situation  occurred  in  the  non! 
Dietrich’s  surface  winter  charts  were  warme 
ing  in  Krauss  (1958).  In  summer  differem  i 
()°C  isotherm  extends  south  to  (58°.\  alon; 
land  in  Dietrich’s  summer  chart,  but  onl\  i 
the  Krauss  charts,  while  there  is  less  dilhn 
of  the  5°C  and  10°C  isolines  in  the  smmm 
atlases.  The  35V..  isoline  approaches  » I* 
Dietrich’s  charts  in  both  winter  and  sin 
differences  in  location  from  Krauss*  i  ii. 
means  in  this  atlas  appear  to  he  a  minor 
charts  of  Dietrich  and  Krauss. 

In  1970  results  of  1961  expeditions  of  the  W 
and  Chain  in  the  Mediterranean.  Adriatic  ui:>l 
published  by  Miller.  Tehernia.  Charnock and 
east  and  BT  data  collected  on  these  e\pe*l 
porated  in  this  atlas.  Piling  (1970)  ptiblisi  .*< 
discussion.  "The  Monsoon  Regime  of  the  Cur 
Ocean."  His  paper  was  based  on  Wyrtki’s  Ind 
the  International  Indian  Oeean  Expedition  da 
this  atlas.  Also  in  1970  Roufogalis  ptihlishei 
conditions  in  the  Aegean  Sea.  This  at  la- 
winter  temperature  charts  at  the  surlaei*  .u 
depths, and  salinity  charts  at  the  surface  :u\ 

i 

In  1971  Wyrtki’s  Indian  Ocean  K\pe 
published.  His  atlas  contains  detailed  eh 
temperature,  salinity,  oxygen,  phosphate 
silicate  distributions,  water  mass  analyses 
surface  temperatures  for  the  year  19(53.  P 
prehensive  oceanographic  atlas  of  the  India 
combined  BTand  hydrocast  data  tapes  wen- 1 
Indian  Ocean  monthly  temperature  charts  at| 
charts  in  this  atlas. 

Lenz  (1971)  published  his  detailed  atlas  of  < 
surface  and  nine  subsurface  levels  in  the  Haiti 
1902  to  1956.  Colton  and  Stoddard  (1972)  pi 
Monthly  Sea- Water  Temperatures  Nova  Sro 
1940-1959.”  This  detailed  atlas  includes  moot, 
depths  between  the  surface  and  100  meters 
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sc  included  Nowlin  and  McLclIan’s  study  ot  the  Gull  ol 
in  winter,  Ma/eika’s  atlas  ol  the  tropical  Atlantic  based 
air  I  ace  data  1854-1965,  Cochrane  \  report  of  low  sea- 
salinity  oil  northeastern  South  America  in  summer 
Yaltord  and  Wukluiul's  “Monthly  Sea  Temperature 
rr  from  the  Koritla  Keys  to  Cape  Cod,**  derived  from 
i  collected  1941-1964  in  the  WHOI  file,  and  Grant’s 
I  oceanographic  sections,  1965-1967,  covering  the 
id  Denmark  Straits,  labrador  and  Irminger  Seas,  The 
the  Tyrrhenian  Sea,  a  joint  publication  of  theConsiglto 
le  dellc  Riecrche,  Rome,  and  the  Instituto  Universitario 
Naples,  by  Aliverti,  Picotti,  Trotti,  De  Maio,  Lauretta 
retti  was  based  on  both  hydrocast  and  BT  data  that 
t  in  the  WHOI  files.  Their  temperature  fields  are  more 
,  but  are  in  good  general  agreement  with  this  atlas. 

69,  Dietrich  published  his  “Atlas  of  the  Hydrography 
Northern  North  Atlantic  Ocean  (Winter  and  Summer 
The  I(» Y  years  1957-1958  produced  anomalous  tern¬ 
's  in  the  surface  layer  of  both  Atlantic  and  Pacific 
Smed’s  (1964)  anomalies  in  the  Iceland-Grecnland 
>w  annual  positive  anomalies  for  1957-1958.  Dietrich’s 
ndicate  that  the  largest  positive  anomalies  occurred  in 
er  and  that  summer  temperatures  were  close  to  normal, 
tr  situation  occurred  in  the  northeast  Pacific  Ocean. 
\  surface  winter  charts  were  warmer  than  those  appear- 
rauss  (1958).  In  summer  differences  were  variable.  The 
herm  extends  south  to  68°N  along  the  coast  of  Grccn- 
Dietrich’s  summer  chart,  hut  only  to  74°N  in  August  in 
uss  charts,  while  there  is  less  difference  in  the  locations 
►°C  ami  10°C  isolincs  in  the  summer  charts  of  the  two 
The  557,.  isoline  approaches  closer  to  Spitsbergen  in 
*s  charts  in  both  winter  and  summer  with  random 
ces  in  location  from  Krauss*  charts  elsewhere.  The 
n  this  atlas  appear  to  be  a  compromise  between  the 
I  Dietrich  and  Krauss. 

t  results  of  1961  ex|Nilitions  of  the  WHOI  ships  Atlantis 
»  in  the  Mediterranean.  Adriatic  and  Aegean  Sens  were 
il  by  Miller.  Tchernia.  (’harnock  and  McGill.  The  hydro* 
BT  data  collected  on  these  e\|H-ditions  were  incur* 
in  this  atlas.  Duing  <197«)  published  a  comprehensive 
•n.  “The  Monsoon  Regime  of  the  Currents  in  the  Indian 
flis  paper  was  liased  on  Wyrtki  s  hydroeast  data  tape  of 
national  Indian  Ocean  Expedition  data  that  was  used  in 
s.  Also  in  1970  Roufogalis  published  an  atlas  of  ocean 
is  in  the  Aegean  Sea.  This  atlas  included  sunimer- 
emperature  charts  at  the  surface  and  five  sulisurfaee 
nd  salinity  charts  at  the  surface  and  at  50  meters. 

71  Wyrtki  s  Indian  Ocean  Expedition  atlas  was 
d  His  atlas  contains  detailed  charts  of  the  deep 
tore,  salinity,  oxygen,  phosphate  phosphorous,  and 
distributions,  water  mass  analyses,  and  monthly  sea 
temjieratures  for  the  year  1968.  It  is  the  most  coni* 
ve  oceanographic  atlas  of  the  Indian  Ocean.  Wyrtki s 
d  BT  and  hydrocast  data  tapes  were  used  to  produce  the 
Kean  monthly  temperature  charts  and  all-data  salinity 
i  this  atlas. 

1971 )  published  his  detailed  atlas  of  temperature  at  the 
ind  nine  subsurface  levels  in  the  Baltic  Sea  on  data  from 
1956.  Colton  and  Stoddard  (1972)  published  "Average 
Sea-Water  Temjieratures  Nova  Scotia  to  Ding  Island 
>9  ”  This  detailed  atlas  includes  monthly  charts  at  eight 
tet ween  the  surface  and  100  meters  anil  eight  vertical 


sections  from  61.5  N  to  71  5  N  Thr  larger  >iz«'  nf  tin  m  chart-, 
gives  more  definition  to  the  complicated  region  of  the  Gulf 
Stream.  <|ope.  and  shelf  water  mas-*-.  than  ilm  -  i hi-  atla-.  but 
there  is  good  agreement  between  the  two  atlases  beeau-»e  the 
data  bases  cover  approximately  the  same  period 

In  1975  the  International  Cooperative  Investigations  of  th« 
Tropical  Atlantic  (IOTA)  oceanographic  atlas,  covering 
KQl’ALANT  I  and  EQl'ALAN'T  II  KxjH'ditions  to  the  tropical 
Atlantic,  was  published.  Hydroeast  and  BT  data  collected  on 
these  expeditions  were  used  in  our  1971-1975  reanaly-is  of  the 
tropical  Atlantic.  Robinson  < 1975a)  published  an  “Atlas  of 
Monthly  Mean  Sea  Surface  and  Subsurface  Temperature  and 
Depth  of  the  Top  of  the  Thermoeline  Gulf  of  Mexico  and  Carib¬ 
bean  Sea.”  Contours  from  that  publication  are  reproduced  here 
with  the  exception  of  the  area  north  of  2D  X  and  east  of  75  W. 
which  was  reanalyzed  in  1975.  Robinson  also  published  il975hi 
an  atlas  of  monthly  temperatures  in  the  Mediterranean.  Black 
and  Red  Seas  in  °F  that  is  recontoured  here  in  C.  In  the  same 
year  Robinson  (1975c)  published  an  atlas  of  the  Red  Sea 
temperature  structure  in  °C.  hut  at  somewhat  different  depths 
than  those  included  here.  Both  of  these  atlases  were  published  in 
S  X  ID1  -j -inch  page  size.  A  selection  of  four  seasonal  sets  of  Red 
Sea  temperature  charts  by  Robinson  was  published  by  the 
Centre  National  [x>ur  ('Exploitation  des Oceans  tCNEXOi  in  1971. 

In  1974  a  revised  edition  of  the  I'.S  Navy  "Marine  Climatic 
Atlas  of  the  World,  volume  I.  North  Atlantic  Ocean"  was 
published,  which  provided  the  ice  lines  used  in  this  atlas. 

The  Robinson  <1976)  atlas  of  North  Pacific  monthly  mean 
temperatures  and  mean  salinities  of  the  surface  layer  is  a  com¬ 
panion  volume  to  this  North  Atlantic  Indian  Ocean  atlas,  in 
scale,  size,  and  analysis  methods.  Temperature  ami  salinity  con¬ 
tours  in  the  tropical  Pacific,  east  of  1(K)°W.  and  in  tin*  Gulf  of 
Thailand  west  of  105°E.  are  included  in  both  atlases. 


CHARTS 

The  horizontal  charts  were  traced  front  eom|iutor-tienorated 
plots  made  directly  from  the  l°-<|Uadrangle  temperature  means 
in  hundredths  of  a  decree  Celsius  and  salinity  means  in 
hundredths  of  a  part  per  thousand.  The  computer  plots  were 
hand  smoothed  to  remove  contour  irregularities  produced  hy  the 
two-dimensional  linear  inter|>olation  contouring  program.  The 
intention  was  to  keep  the  final  contours  within  0.1  s(  of  the 
numerical  values.  This  degree  of  smoothing  did  not  permit 
removal  of  all  noise  in  the  fields.  Although  the  computer¬ 
generated  contours  end  w  herever  there  are  fewer  than  four  data 
points,  the  contours  were  extended  to  the  land  boundaries  using 
computer  data  listings  as  a  guide. 

On  all  horizontal  charts  tight  gradients  are  indications  of 
features  encountered  on  current  and  water  mass  boundaries, 
along  coasts,  and  at  the  intersections  of  the  horizontal  chart 
levels  with  the  thermoeline.  Space  and  time  averaging  diminish 
the  real  shear  that  occurs  within  the  tight  gradient  areas. 

The  values  for  annual  means,  ranges.  tem|icrature  dif¬ 
ferences.  and  depths  of  the  top  of  the  thermoeline  are  computed 
from  the  final  sets  of  12  monthly  means. 

The  top  of  the  thermoeline  is  defined  as  the  depth  at  which  the 
temperature  is  2°F  ll.lTl  less  than  the  surface  temperature. 
This  definition  differs  from  that  of  “mixed  layer  depth."  The 


-urface  temperatun*  minus  2  K  depth  has  bi*en  si-Uvtvd  for 
d#»ri vinjf  the  top  of  the  thcrmndim-  fnmi  smooth  average 
temperatures, because  it  is  greater  than  the  small  jiositive  ami 
negative  gradients  near  the  surface  that  are  present  in  both  the 
raw  data  and  the  analyzed  values,  and  it  is  large  enough  to 
reach  the  large  gradients  found  in  the  seasonal  or  jH-rmanmt 
thermoclines.  It  does  not  distinguish  la-tween  the  two. 

In  summer  in  northern  latitudes,  where  the  seasonal  ther- 
mocline  is  well  developed  and  the  break  in  the  slope  of  a 
temperature-vs. -depth  graph  is  very  sharp,  the  bottom  of  the 
mixed  i  isothermal )  layer  and  the  derived  minus  2  F  dept  It  agree 
very  well.  In  spring  in  northern  latitudes,  however,  when  tin-  top 
of  the  thermoeline  is  ill-defined  as  the  seasonal  thermoeline  is 
developing  and  small  transient  negative  gradients  may  occur 
throughout  the  water  column,  the  surface  temperature  minus 
25F  <l.l°Ci  can  In*  expected  to  vary,  as  it  may  In*  at  the  top  of 
the  permanent  thermoeline  or  a  new  seasonal  thermoeline.  The 
computation,  however,  does  provide  an  indication  of  the  amount 
of  heat  that  has  penetrated  to  the  given  depth. 

In  winter  over  the  entire  North  Atlantic,  the  surface 
temperature  minus  2°F  ll.l°C)  depth,  when  it  exists,  is  found 
below  150m.  Although  not  included  in  this  atlas,  the  Numerical 
Atlas  tape  has  all- data  means  at  standard  hydrocast  levels 
below  150m.  These  means  are  biased  by  a  pre|K»n«leranceof  sum¬ 
mer  data,  but  they  do  provide  an  estimate  of  the  depth  of  the 
permanent  thermoeline  in  months  when  no  seasonal  ther- 
mocline  is  present.  In  large  areas  of  the  North  Atlantic,  par¬ 
ticularly  in  the  Labrador  Sea.  Davis  Strait.  Baffin  Bay. 
Greenland  Sea.  Denmark  Strait,  coast  of  Norway  and  North  and 
Baltic  Seas,  temperature  in  winter  increases  with  depth  and 
there  is  no  thermoeline.  (See  To-T«<k  charts. I 

The  depth  of  the  derived  top  of  the  thermoeline  is  found  by 
linear  interpolation  between  monthly  temperature  means  at  the 
100-ft  (30-m)  levels  to  150  m.  then  between  annual  means  at  1S.‘» 
m  <000  ft).  200  m.  244  m  (800  ft).  250  ni.  300  m.  305  m  (1000  ft >. 
350  m.  300  m  (1200ft).  400,  500.  000,  700,  SIX).  900.  and 
1000  m .  To  accommodate  this  depth  range  without  sacrificing 
the  resolution  available  in  the  surface  layer,  the  contour  interval 
on  the  thermoeline  charts  changes  from  50-ft  ( 15-m )  above  150m 
to  100-m  intervals  below  200  m. 

The  charts  showing  the  temperature  difference  between  the 
surface  and  400  ft  (To-T«oc>  estimate  the  strength  of  the  ther- 
mocline  gradient  confined  between  the  top  of  the  thermoeline 
and  400  ft  (120  m).  To-T*oo  charts,  however,  give  no  indication  of 
middepth  minima  or  maxima  that  occur  in  some  areas  where 
waters  of  different  temperature  and  salinity  characteristics  are 
intermixed  at  depth. 

The  occurrences  of  middepth  temi>erature  minima  or  maxima 
can  be  seen  on  the  charts  of  annual  cycle  curves.  These  charts 
are  arranged  in  sets  to  show  the  spatial  variation  in  the  seasonal 
cycles.  Each  of  the  sets  contains  composites  of  different  latitude 
sets  to  show  the  full  range  of  latitudinal  variations,  and  the  en¬ 
tire  set  contains  charts  at  5°-latitude  by  10°-longitude  intervals 
with  additional  selected  points  along  the  coasts  and  within  the 
irregular  shapes  of  the  many  seas  and  gulfs. 

The  annual  cycle  curves  are  produced  by  computer  by 
calculating  weekly  values  from  the  sixth  harmonic  Fourier  coef¬ 
ficients  of  the  twelve  monthly  mean  values. 


The  data  distribution  chart.-,  produced  hv  plotter.  c«»n»a:n 
each  monthly  ami  annual  chart  the  combined  number  of  BT.tr, <i 
hydrocast  observation*  on  which  the  charts  were  ba-ed  and 
show  a  significant  decrease  in  sample  size  with  depth  Marr.  BT 
traces  did  not  extend  to  100-  or  J!)2-ft  1 12i»-m  or  1 'o«m «  ie\ 

In  1  ‘  areas,  where  the  sample  size  exceed*  !<*<•<».  the  letter  M  i- 
used.  No  data  number  i*  included  in  areas  where  temperature 
values  were  taken  from  published  mean  temperature  chart-  or 
where  they  have  been  developed  subjectively. 

Only  a  single  chart  gives  the  data  distribution  for  all  level-  of 
the  salinity  charts  because  there  is  little  change  in  -ample 
with  depth  between  the  surface  and  150m. 


DATA  SOURCES 

The  temperature  charts  in  this  atlas  are  based  on  mean-  of 
individual  observations  listed  in  Table  l  and  means  extracted 
from  published  charts  listed  in  Table  II  Figure  A  presents  the 
areal  distribution  of  data  sources  and  handling. 

The  primary  temperature  data  source  was  the  files  of 
photographic  prints  of  BT  slides  maintained  at  Woods  Hole 
Oceanographic  Institution!  WHOD.  Additional  BT  data  not  in  the 
WHOI  file  were  added  from  Texas  A&M  University  for  the  Gulf  «>f 
Mexico  and  Caribbean,  and  from  the  University  of  Miami  for  the 
Mediterranean  and  Black  Seas.  BT  data  for  the  Red  and  Arabian 
Seas.  Persian  and  Bengal  Gulfs,  and  north  Indian  Ocean  were 
taken  from  the  Scripps  Institution  of  Oceanography  (SIO»  BT 
files.  These  data  were  included  on  Wyrtki’s  International  Indian 
Ocean  Expedition  data  tapes. 

Additional  processed  BT  data  were  provided  to  WHO!  and  SIO 
by  the  U.S.  Navy  Hydrographic  Office  mow  the  U.S.  Naval 
Oceanographic  Office)  from  1955  to  I960  and  by  the  National 
Oceanographic  Data  Center  from  1960  to  1968. 

In  August.  1974.  BT  data  digitized  on  the  SIO  digitizer  and 
XBT  data  digitized  by  Fleet  Numerical  Weather  Central  were 
added  to  the  Atlantic  data  deck  south  of  30°N. 

It  should  \w  noted  that  the  majority  of  the  BT  data  used  in  this 
atlas  was  processed  by  WHOI  or  SIO.  where  a  consistent  effort 
has  been  made  since  1942  to  process  BT  data  with  a  temperature 
adjustment  so  that  the  measurement,  insofar  as  is  j>ossiblo.  is 
both  relatively  (temperature-depth  differences)  and  absolutely 
accurate. 

Although  it  has  been  shown  that  the  mechanical  BT  provides  a 
reliable  temperature-depth  profile,  the  accuracy  of  the 
temperature  may  he  biased  by  shifts  in  calibration  either  in  the 
BT  or  in  the  reference  temperature  measurements  made  by  mer¬ 
cury  thermometers  used  to  calibrate  the  BT  slide  when  proces¬ 
sed. 

After  screening  and  processing,  the  individual  BT  observa¬ 
tions  appear  to  be  accurate  within  ±0.3°C  and  the  means 
£0.1°C.  Year-to-year  bias  may  remain  in  portions  of  the  final 
fields  since  large  areas  are  based  on  single-year  observations 
and  the  total  sample  spans  the  years  1941-1970. 
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The  secondary  source  of  Atlantic  data  was  hydr«*ca<t>  col¬ 
lected  by  WHOI  or  selected  from  oceanographic  data  publica¬ 
tions.  These  were  merged  with  tin1  BT  data  on  an  acquisition 
basis  as  part  of  the  WHOI  program  for  maintaining  running 
mean  tabulations  of  temperature  at  selected  depths:  surface.  Km 
ft  (30  nu.  l"*o  ft  (  PI  mi.  250  ft  (7b  mi.  32s  ft  \  loo  m  i  and  102  ft 
i  150  m  i. 

Hydrocast  data  in  the  Red  and  Arabian  Seas  ami  Bay  of 
Bengal  included  all  data  collected  by  Wyrtki  from  the  Inter¬ 
national  Indian  Ocean  Expedition. 

The  monthly  sea  surface  temperature  charts  for  the  southern 
Indian  Ocean  were  derived  from  data  tapes  provided  by  the  U.S. 
National  Weather  Records  ('enter.  Asheville.  North  Carolina. 
Means  covered  data  collected  between  1853  and  190s. 

Because  the  data  coverage  in  some  regions  and  months  was  in¬ 
sufficient  to  produce  satisfactory  fields,  additional  temperature 
means  were  tabulated  from  previously  published  at  last’s  and  the 
values  were  treated  as  if  they  were  means  of  individual  observa¬ 
tions. 

The  temperature  data  in  the  various  geographic  areas  were 
subjected  to  somewhat  different  procedures,  which  will  be 
described  in  the  data  preparation  section. 

TABLE  I 

Source  of  Individual  Observations 
By  Governments  and  Agencies 

Part  A.  BT  observations  (1941-1970)  1.134  ships  contributing  in 
Atlantic  Ocean.  Mediterranean.  Adriatic.  Aegean,  Black, 
Caribbean  Seas,  and  Gulf  of  Mexico;  209  ships  con¬ 
tributing  in  Red  and  Arabian  Seas,  Aden  and  Persian 
Gulfs,  Bay  of  Bengal,  and  Pacific  Ocean  east  of  100°W. 

A  ustmfia 

Commonwealth  Scientific  and  Industrial  Research  Organ¬ 
ization  iCSIROi  Division  of  Fisheries  and  Oceanography 

Canada 

Fisheries  Research  Board  of  Canada.  Atlantic  Oeeanogra  - 
phic  Group.  Halifax,  Nova  Scotia 

Coin  whin 

Colombian  Navy.  Buenaventura 

India 

University  of  Madras.  Madras 

Pvru 

Instituto  del  Mar  Peru.  Lima 

Vui h  il  K i uiido m 

Royal  British  Navy 

Vuiti'd  States 

Fish  and  Wildlife  Service.  Bureau  of  Commercial  Fisheries 
(now  National  Marine  Fisheries  Service!.  National  Ocean¬ 
ic  and  Atmospheric  Administration  (NMFS,  NOAAt 
laboratories  at  Woods  Hole.  Massachusetts;  Gloucester, 
Massachusetts;  and  Boothbay  Harbor,  Maine 

Lamont-Doherty  Geological  Observatory,  Columbia 
University,  Palisades,  New  York 

Naval  Oceanographic  Office.  Bay  St.  Louis.  Mississippi 

Naval  Ordnance  Laboratory.  Silver  Springs.  Maryland 

Navy  Ships  of  Opportunity 

Rosenstiel  School  of  Marine  and  Atmospheric  Scien¬ 
ces,  University  of  Miami.  Miami.  Florida 


Texas  Agricultural  and  Mechanical  I *n iv •*r^it > .  <  ’* >1  !**ir«* 
Station.  Texas 

I  ’ni\ t-rsity  nf  California.  St*i*ip|is  IiMitutmn  «>f 
Oceanography.  La  Jolla.  California 
I’niversity  of  Washington.  Divi>ion  of  <  tccanograph;. . 

Seattle.  Washington 
I  S.  Coa>t  and  Geodetic  Sur\e\ 

C.S.  Coa<t  Guard 
C.S.  Xa\\ 

Woods  l loir  Oceanographic  Institution.  WomU  I 
Massachusetts 

Part  B.  \BT  data  fl 96ft -1974) 

I  nth  if  Shift  s 

Fleet  Numerical  Weather  (Vntral  iFNWCi  Monterey. 
California  idata  digitized  at  FNWC.  hut  collected  h\ 
numerous  C.S-  ships t 

Part  (  .  Selected  hydrocast  station  data  (1900- 1960) 

i  'iiihii/ii 

Canadian  Oceanographic  Data  (’enter  Special  Reports 
( ff>  reports  published  1901  1969i 
Fisheries  Research  Board  of  Canada.  Atlantic  Oceano¬ 
graphic  Croup.  Halifax.  Nova  Scotia  to  reports  pub¬ 
lished  1957  1!H»1 1 
International 

EQUAL ANT  I  and  II  lEQI.  EQII).  1963-1904 
National  Oceanographic  Data  Center  hydrocast  listings 
International  Council  for  the  Exploration  of  the  Sea 
Bulletin  Hydrograph itjue  tBH).  1930-1956,  Charlotten- 
lund  Slot 

ICES  Oceanographic  Data  Lists  tICES),  1957-1959. 
Charlottenlund  Slot 

International  Geophysical  Year  tIGY),  1957-1958 
National  Oceanographic  Data  (enter  hydrocast  listings 
International  Indian  Ocean  Expedition  (IIOE),  1960-1966 
Wyrtki  Indian  Ocean  hydrocast  tape  1 1906-19671 
Nations  contributing  data  in  the  above  publications  and 
data  listings: 

Argentina  IGY.  EQI.  EQII 
Australia  IGY.  IIOE 
Belgium  ICES 
Brazil  IGY.  EQI.  EQII 
Canada  BH.  IGY 
Congo  EQI.  EQII 
Dahomey  ICES 
Estonia  BH 
Finland  BH.  IGY 
France  BH.  ICES.  IIOE 

German  Federal  Republic  BH.  ICES.  IGY',  IIOE 

Iceland  IGY 

India  IIOE 

Indonesia  IIOE 

Ireland  BH.  ICES 

Italy  BH.  ICES.  IGY 

Ivory  Coast  EQI.  EQII 

Japan  IIOE 

Latvia  BH 

Malagasy  Republic  IIOE 
Netherlands  BH.  ICES.  IIOE.  IGY 
Nigeria  EQI.  EQII.  IGY 
New  Zealand  IGY 


Northern  Ireland  IloK 
Norway  BH.  ICES.  Ill JK.  IGY 
Pakistan  IIOE 
Poland  BH.  ICES 
Portugal  BH.  ICES.  IloK 
South  Africa  IGY.  IIOE 
Spain  BH.  ICES.  EQI.  EQII 
Sweden  BH.  ICES.  IIOE 
Thailand  IIOE.  IGY 

Cnion  of  Soviet  Socialist  Republics  K’KS.  EQl.  KqII. 
IGY.  IIOE 

Cnitcd  States  BH.  R  ES.  IGY.  IIOE.  EQI.  EQil 
Yugoslavia  IGY 
I'nttfl  S  to  ft  s 

Cniversity  of  Washington  Technical  Report  n«».  l>5Yo|  l  ||. 
I9t;: 

C.S.  Coast  Guard  Bulletins 
Ice  Patrol  hydrocast  listings  07  rc|M»rts  published 
1931-19591 

Weather  station  hydrocast  listings  t29  reports  published 
196.3-1970) 

C.S.  ('oast  Guard  Report  of  ('l<t  Ian  Expedition.  1934 
C.S.  Navy  Hydrographic  Office.  H.O.  Pub.  617B-G. 
1949-1954;  H.O.  Pub.  618A-C.  1950-1953;  TR.  5s.  1956 

TABLE  II 

Sources  of  Temperature  Means  or  Analyzed  Cruise  Data 
By  Governments,  Agencies,  or  Authors 

German  u 

Schott.  G..  Geographic  des  Indischen  und  Stillen  Ozeans, 
1935. 

Schott,  G.,  Geographic  des  Atlantischen  Ozeans.  1942. 
Tomczak,  G.  and  E.  Goedecke.  Monatskarten  der  tempera- 
tur  der  Nordsee.  1962. 

Tomczak,  G.  and  E.  Goedecke.  Die  thermische  schichtung 
der  Nordsee  auf  grund  der  mittleren  jahresganges  der 
temperatur.  1964. 

Lenz,  W.,  Monatskarten  der  temperatur  der  Ostsee.  1971. 
International 

Dietrich.  G..  Mean  monthly  temperature  and  salinity  of  the 
surface  layer  of  the  North  Sea  and  adjacent  waters  from 
1905-1954.  1962. 

Xetherfantls 

Koninklijk  Nederlandsch  Meteorologisch  Instituut.  Red  Sea 
and  Gulf  of  Aden  oceanographic  data.  1949. 

Koninklijk  Nederlandsch  Meteorologisch  Instituut.  Indian 
Ocean  oceanographic  and  meteorological  data,  1952. 
Koninklijk  Nederlandsch  Meteorologisch  Instituut,  The 
Mediterranean  oceanographic  and  meteorological  data. 
1957. 

V ni ted  States 

Navy  Hydrographic  Office.  World  atlas  of  sea  surface 
temperatures,  1944. 

Fuglister.  r  .  Atlantic  Ocean  atlas.  I960. 

Me  Leila  n,  The  waters  of  the  Gulf  of  Mexico  as 

observed  in  1958  and  1959,  1960. 

Cochrane,  J.,  Investigations  of  the  Yucatan  Current,  1961. 
Cochrane,  J.,  Yucatan  Current,  1963. 

Wust,  G.,  Stratification  and  circulation  in  the  Antillean- 
Caribbean  Basins,  1964. 

LaViolette,  P.  and  C.  Mason.  Monthly  charts  of  mean,  min¬ 
imum  and  maximum  sea  surface  temperatures  of  the 
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Northern  Ireland  IlOE 
Norway  BH.  ICES.  HOE,  IGY 
Pakistan  HOE 
.  P..laml  BH.  ICES 

Portugal  BH.  ICES.  HOE 
i  Smith  Africa  10 V,  HOE 
.  Sj tain  BH.  ICES.  EQI.  EQII 

Sweden  BH.  ICES.  HOE 
Thailand  IlOE.  IOY 

I  'nion  nf  Soviet  Socialist  Republics  ICES,  EQI,  EQII. 
IOY.  IlOE 

I'nited  States  BH,  ICES.  IOY.  HOE,  EQI.  EQII 
Yugoslavia  IOY 

■,  !  Shift  .< 

1  ':ii\  ersity  of  Washington  Technical  Report  no.  185 Yol.  I-H, 
1967 

I'.S.  (’oast  Guard  Bulletins 
lee  Patrol  hydrocast  listings  (17  reports  published 
1  Ml -1959 1 

Weather  station  hydrocast  listings  (29  rejtorts  published 
1963-1 970 t 

I'.S.  Coast  Guard  Rejiort  of  Chelan  Expedition,  1934 
I'.S.  Navy  Hydrographic  Office,  H.O.  Pub.  617B-G. 
1949-1954;  H.O.  Pub.  618A-C,  1950-1953;  TR.  58. 1956 

TABLE  II 

Sources  of  Temperature  Means  or  Analyzed  Cruise  Data 
By  Governments,  Agencies,  or  Authors 

mi  an  if 

Schott.  0..  Geographic  des  Indischen  und  Stillen  Ozeans, 
1935. 

Schott,  0.,  Geographic  des  Atlantischen  Ozeans,  1942. 
Tomezak,  0.  and  E.  Goedecke.  Monatskarten  der  tempera- 
tur  der  Nordsee,  1962. 

Tomezak.  G.  and  E.  Goedecke,  Die  therm ische  schichtung 
der  Nordsee  auf  grund  der  mittleren  jahresganges  der 
temperatur.  1964. 

Pen/..  W.,  Monatskarten  der  temperatur  der  Ostsee,  1971. 
t  run  fit  anil 

Dietrich,  G.,  Mean  monthly  temperature  and  salinity  of  the 
surface  layer  of  the  North  Sea  and  adjacent  waters  from 
1905-1954.  1962. 

thrflll  tills 

Knninklijk  Nederlandsch  Meteorologisch  Instituut,  Red  Sea 
and  Gulf  of  Aden  oceanographic  data,  1949. 

Koninklijk  Nederlandsch  Meteorologisch  Instituut.  Indian 
Ocean  oceanographic  and  meteorological  data,  1952. 
Koninklijk  Nederlandsch  Meteorologisch  Instituut,  The 
Mediterranean  oceanographic  and  meteorological  data, 
1957. 

i ti  ll  States 

Navy  Hydrographic  Office,  World  atlas  of  sea  surface 
temperatures,  1944. 

Kuglister,  F..  Atlantic  Ocean  atlas,  1960. 

Me Leila n,  II.,  The  waters  of  the  Gulf  of  Mexico  as 
observed  in  1958  and  1959,  1960. 

Cochrane,  J.,  Investigations  of  the  Yucatan  Current,  1961. 
Cochrane,  J.t  Yucatan  Current,  1963. 

Wust,  G„  Stratification  and  circulation  in  the  Antillean- 
Caribhean  Basins,  1964. 

LaViolette,  P.  and  C.  Mason,  Monthly  charts  of  mean,  min¬ 
imum  and  maximum  sea  surface  temperatures  of  the 


Indian  Ocean.  1967. 

Naval  Oceanographic  Office.  Oceanographic  atlas  of  the 
North  Atlantic,  Section  2  physical  properties.  1967. 

Miller.  A.,  P.  Tchernia.  H.  (’harnock  and  1>.  McGill.  Med¬ 
iterranean  Sea  atlas,  1970. 

Wyrtki.  K..  Oceanographic  atlas  of  the  Inti  nmtmmil 
I  ml  mn  (hi  an  fcy/it  ihtinn ,  1971. 

Robinson.  M..  Monthly  mean  sea  surface  and  subsurface 
temperature  and  depth  of  the  top  of  the  thermodine 
Mediterranean.  Black  and  Red  Seas.  1973. 

Robinson.  M..  Monthly  mean  sea  surface  and  subsurface 
temperature  and  depth  of  the  thermodine  Red  Sea.  1973. 

Robinson.  M..  Atlas  of  monthly  mean  sea  surface  and 
subsurface  temperature  and  depth  of  the  top  of  the 
thermodine  Gulf  of  Mexico  and  Caribbean  Sea.  1973. 

l\S.  Navy.  Marine  climatic  atlas  of  the  world,  vol.  1.  North 
Atlantic  Ocean,  1974. 

Robinson,  M.  Atlas  of  North  Pacific  monthly  mean  temp- 
ertures  and  mean  salinities  of  the  surface  layer.  1976. 

ANALYSIS  PROCEDURE 

The  basic  premise  of  the  data  analysis  is  that,  given  an 
adequate  data  distribution  in  time  and  space,  a  smooth  annual 
cycle  temperature  curve  can  be  constructed  for  every  latitude- 
longitude-depth  intersection  in  the  analysis  grid.  T«»  make  the 
task  of  creating  monthly  values  for  each  depth,  latitude,  ami 
longitude  feasible  on  an  oceanwide  basis,  computer  programs 
were  develop'd  to  interpolate  and  smooth  the  data.  Although 
these  programs  created  values  that  were  computationally  cor¬ 
rect.  the  results  based  only  on  observed  data  did  not  preserve 
known  oceanographic  features  in  low-data-density  and  coastal 
areas.  To  overcome  the  inadequacies  in  the  data  distribution  and 
to  maintain  characteristic  coastal  gradients,  subjective  analysis 
was  used  to  derive  additional  input  data  so  that  the  computer 
solutions,  bounded  by  a  combination  of  real  and  derived  values, 
would  produce  realistic  numerical  fields. 

To  process  the  main  Atlantic  area  5°S  to  65°N  on  the  Sl< )  com¬ 
puter,  using  the  programs  developed  by  C.F.  Sprague,  the  data 
were  separated  in  1965  into  six  40°  x  40°  areas  that  overlapped 
5°.  The  Gulf  of  Mexico  and  Caribbean  Sea  required  separate 
processing  and  the  Mediterranean  Sea  was  divided  into  two 
overlapping  areas.  These  early  runs  were  used  to  edit  the  data 
horizontally  and  to  discover  areas  requiring  subjective  analysis. 

In  1967,  the  programs  were  converted  by  M.  McLennan  to  al¬ 
low  the  processing  of  an  80°  x  80°  area  on  the  Fleet  Numerical 
Weather  Central  computer.  The  major  reanalysis  that  followed 
divided  the  Atlantic  into  three  major  runs,  processing  the  Gulf 
of  Guinea  and  the  regions  north  of  the  Ircland-to-Grecnland  line 
as  separate  overlapping  areas,  hut  again  major  data  problems 
were  encou  n t ored . 

In  1968,  a  computer  program  was  written  by  R.  Bauer  and  N. 
Perdue  to  produce  contour  charts  on  a  Mercator  projection.  The 
plotting  program  also  included  logic  to  compute  annual  means 
and  ranges  for  each  level  from  the  monthly  values,  temperature 
differences  between  levels,  and  a  depth  for  the  top  of  the  ther- 
mocline  so  that  all  analysis  results  could  he  quickly  reviewed. 
Additionally,  to  assist  in  subjective  analysis,  programs  were 
written  to  plot  time-temperature  distributions  and  depth- 
temperature  profiles  of  the  observed  data  and  means,  to  plot 
third  through  sixth  harmonic  curves,  and  to  list  and  edit  the 


(lata  file.  These  programs  greatly  reduced  the  clerical  effort  and 
also  increased  the  pace  of  the  project. 

In  1972  the  program  was  again  upgraded  by  R.  Bauer  so  that 
a  matrix  of  190° of  longitude  by  80°of  latitude  could  be  processed. 
This  eliminated  internal  boundaries  in  the  Atlantic  and  made  it 
possible  to  prepare  the  contour  charts  over  the  entire  fields  for 
use  in  drafting  the  final  atlas. 

The  salinity  charts  were  produced  in  1972  using  the  same 
basic  computer  methods  developed  for  the  tern  {>erat  ure  data, 
and  they  were  processed  as  a  single  field  5°S  to  72°N,  80° \Y  to 
100°E.  The  western  Caribbean  Sea  and  the  Gulf  of  Mexico  were 
included  in  the  Pacific  run.  which  extended  to  75  °W  with  a  5° 
analysis  area  overlap. 


TEMPERATURE  DATA  PREPARATION 

•  ATLANTIC  OCEAN 

Running  mean  temperature  values,  by  months,  by  1° 
quadrangles  at  surface.  30.  46.  76,  100,  and  150  m,  and  the 
number  of  observations  on  which  they  were  based  are  main* 
tained  at  WHOI  from  temperature  readings  tabulated  on  the 
backs  of  BT  cards  and  from  published  hydrocast  data.  The 
means  and  sample  sizes  were  hand  tabulated  by  Schroeder  and 
forwarded  to  SIO,  where  they  were  keypunched.  Only  a  part  of 
these  data  has  been  digitized  in  NODC  format,  hut  efforts  are 
underway  to  digitize  the  remainder. 

When  the  first  computer  runs  were  available  in  1966-67, 
covering  the  areas  5°S  to  65°N.  80°W  to  10°E,  excluding  the 
Caribbean  and  Mediterranean  Seas,  it  was  evident  that  in  areas 
of  numerous  data  the  computer  programs  did  provide  a  realistic 
picture  of  the  temperature  structure.  In  areas  of  sparse  data, 
such  as  the  northern  seas  in  winter,  areas  of  tight  gradients 
along  the  continental  slopes,  and  in  narrow  gulfs,  the  programs 
did  not  produce  valid  results.  After  hand  contouring  the  1152 
computer  output  sheets,  the  need  to  hound  the  solutions  along 
all  coasts  and  along  northern  and  southern  boundaries  was 
recognized.  Schroeder  undertook  the  production  of  these  subjec¬ 
tive  values  beginning  in  1968  by  sketching  time  curves  through 
available  data  and  using  published  atlases  or  analyzed  data 
fields  to  guide  her  choice  of  interpolated  values.  Means  of  real 
data  were  altered  to  a  midmonth  point  where  necessary. 

Working  from  the  southern  tip  of  Florida  clockwise  around 
the  Atlantic  basin,  by  the  spring  of  1971  Schroeder  had  com¬ 
pleted  edge  values  around  Africa,  then  across  the  Atlantic  along 
4°S  to  Brazil  but  had  not  done  the  South  American  coast.  This  3- 
year  subjective  analysis  effort  produced  complete  sets  of 
monthly  values  for  1,129  1°  areas.  At  this  point,  the  entire  set  of 
Atlantic  data  was  reanalyzed,  using  tjie  revised  programs  that 
included  the  calculation  of  the  depth  of  the  thermocline,  and  a 
complete  set  of  computer  plots  was  produced.  In  reviewing  the 
thermocline  plots,  major  discontinuities  were  discovered 
between  fields  at  150  ft  (46  ml  and  those  at  100  ft  (30  ml  above 
and  250  ft  (76  m)  below.  These  inconsistencies  had  escaped  notice 
during  the  review  of  the  hand-contoured  horizontal  charts  but 
became  obvious  when  the  values  were  compared  vertically.  The 
discontinuities  were  caused  by  the  fact  that  no  attempt  had  been 
made  to  derive  a  value  from  the  hydrocast  data  for  the  BT 


depths  of  150  ft  1 46  ml  when  hydrocast  data  were  added  into  the 
WHOI  1°  monthly  running  means.  Frequent h  250  ft  i76  nn  was 
also  omitted  from  standard  hydrocasts.  There  were  two 
problems:  first,  when  data  from  l»oth  sources  were  present,  the 
mean  at  150  ft  (46  ml  might  be  inconsistent  with  the  means 
above  and  below;  and  second,  if  only  hydrocast  data  were 
available,  no  temperature  value  would  be  present  at  150  ft  <  16  mi 
and  the  horizontal  space  interjxdation  program  would  produce 
a  missing  value  inconsistent  w  ith  those  above  and  Mow.  To  cor¬ 
rect  these  problems,  the  raw  data  means  had  to  lie  examined  and 
corrected  where  necessary. 

By  January  1973.  this  work  was  complete  and  corrections 
were  forwarded  to  SIO  for  keypunching.  In  the  new  runs  made 
in  March,  the  northern  regions  now  were  satisfactory,  but 
because  of  the  paucity  of  data  in  the  tropical  Atlantic  the  results 
were  still  poor.  Several  attempts  at  reanalysis  of  the  data  by 
varying  areas  where  one-dimensional  and  two-dimensional  in¬ 
terpolation  was  used  were  to  no  avail.  The  results  did  not 
portray  the  vertical  or  horizontal  structure  that  could  be  ex¬ 
pected  to  be  associated  with  the  Atlantic  equatorial  current 
system. 

Support  for  reanalysis  of  the  Equatorial  Atlantic  was  received 
from  National  Marine  Fisheries  Service  (NMFS-NOAAi,  and 
subjective  horizontal  and  time-curve  interpolations  were  under¬ 
taken  by  Robinson. 

By  the  end  of  1975.  after  the  addition  of  3800  new  BT  and  XBT 
obervations  and  a  great  number  of  subjective  analysis  values, 
runs  were  made  that  yielded  satisfactory  results. 

The  ice  lines  on  the  North  Atlantic  sea  surface  temperature 
charts  are  taken  from  the  V.S.  Navy  Marine  Climatic  Atlas  of 
the  World,  volume  1,  North  Atlantic  (19741.  The  line  marks  the 
extent  of  6/8  ice  coverage  by  close  pack  ice.  The  ice  line  crosses 
isotherms  in  both  this  atlas  and  the  source  atlas  because  the  sea 
ice  drifts  into  and  through  areas  of  warmer  and  more  saline  sur¬ 
face  water. 

•  CARIBBEAN  AND  GULF  OF  MEXICO  AREAS 

Three  separate  runs  were  made  of  the  Caribbean  Sea  and  Gulf 
of  Mexico  areas.  In  1968  the  first  run  was  made  based  on  WHOI 
data  tabulations.  There  were  many  gaps  in  the  data,  and  it  was 
discovered  that  none  of  the  Texas  A  &  M  BT  data  were  included 
in  the  WHOI  files.  John  Cochrane  loaned  Texas  A  &  M’s  BT  files 
to  SIO.  and  temperatures  from  16,000  BT  traces  were  tabulated 
and  a  second  run  was  made.  Although  these  results  were 
superior  to  the  first,  serious  data  gaps  still  existed.  The  subjec¬ 
tive  work  of  developing  edge  values  and  filling  data  gaps  by 
developing  time  curves  at  selected  points  over  the  entire  area 
was  done  at  SIO  by  Robinson  with  the  aid  of  previously 
published  atlases  and  papers,  which  are  listed  in  Table  II.  By 
1970  this  work  was  completed  and  new  satisfactory  runs  were 
made.  In  March  1973  an  interim  atlas  covering  these  areas  at 
100-ft  (30-m)  levels  in  °C  was  issued  by  SIO  with  support  from 
NMFS-NOAA. 

•  MEDITERRANEAN  AND  BLACK  SEAS 

The  primary  data  sources  for  these  areas  were  the  WHOI  BT 
and  hydrocast  files.  Additional  BT  and  hydrocast  observations 
were  obtained  from  Rosenstiel  School  of  Marine  and  At- 
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mospheric  Sciences,  University  of  Miami.  Sea  surfaec  tempera¬ 
ture  means  from  the  U.S.  National  Weather  Records  Center's 
marine  decks,  the  Netherlands  Meteorological  Institute’s  publi¬ 
cations  and  other  published  sources  listed  in  Table  II  were 
used  to  fill  in  edge  values  and  data  gaps.  Seasonal  curves  were 
developed  along  coastal  and  selected  points  to  fill  in  data  gaps 
and  edit  the  raw  data  means  by  Robinson.  Time  curves  for  all 
1°  quadrangles  in  the  Adriatic  and  Black  Sea  and  most  of  the 
Aegean  Sea  were  developed. 

Successful  final  computer  runs  of  these  data  were  made  in 
1970.  In  August  1973  FNWC  issued  an  interim  atlas  covering 
these  areas  and  the  Red  Sea  at  100-ft  (30-m)  levels  in  °F. 

•  RED  AND  ARABIAN  SEAS,  ADEN  AND  PERSIAN 

GULFS,  AND  BAY  OF  BENGAL 

Data  in  these  areas  were  based  on  the  BT  files  at  SIO  collated 
by  Wyrtki,  University  <»f  Hawaii,  with  hydrocast  data  from  (he 
International  Indian  Ocean  Expedition.  The  Red  Sea.  Gulf  of 
Aden,  and  Persian  Gulf.except  for  plotting,  were  handled  subjec¬ 
tively  and  time  curves  were  developed  for  all  1°  quadrangles. 
The  computer  inter|K»lation  programs  do  not  successfully 
operate  in  narrow,  diagonal  configurations.  Additional  areas 
along  the  Oman  Coast,  off  the  west  coast  of  India,  and  in  the  Bay 
of  Bengal, as  shown  in  Figure  A, were  subjectively  analyzed.  A 
separate  Red  Sea  Atlas  was  published  in  °C  at  depths  of  0.  30. 
46,  76.  100  and  150 m  (Robinson.  1973.  1974.1 

Except  along  the  main  ship  routes  in  the  Arabian  Sea  and  Bay 
of  Bengal,  data  gaps  were  very  large  in  both  space  and  time  as 
data  distribution  charts  indicate.  In  these  areas  analysis  was 
carried  out  at  100-ft  levels.  Programs  were  written  to  combine 
data  in  bimonthly  means.  These  means  were  then  analyzed 
horizontally  and  the  fields  evaluated.  Additional  subjective 
values  were  developed  and  a  second  successful  run  made.  Next,  a 
third  harmonic  curve  was  fitted  to  these  six  means  and  twelve 
monthly  values  produced  from  the  curves.  The  fields  were  com¬ 
puter  plotted  and  evaluated  together  with  plots  of  the  harmonic 
time  curves.  The  results  were  consistent  with  previous  subjec¬ 
tive  analyses  done  by  Robinson  (1967)  and  Wyrtki  (1971 1  in  the 
area,  and  they  appear  to  be  reasonable  models  of  the  surface 
layer  temperature  structure. 

•  INDIAN  OCEAN 

Sea  surface  temperature  means  from  the  U.S.  National 
Weather  Records  Center’s  marine  deck  were  analyzed  to  produce 
monthly  mean  sea  surface  charts  covering  the  Indian  Ocean 
from  20° E  to  150°E,  5°S  to  48°S.  These  data  were  analyzed  us¬ 
ing  the  basic  two-dimensional  inter|>olation,  space  smoothing, 
and  time  smoothing  programs. 

At  5°S,  contours  on  these  charts  agree  with  those  produced 
from  BT  and  hydrocast  data.  Some  smoothing  was  required  to 
make  them  fit.  hut  the  adjustments  were  primarily  of  the  order 
of  0.1°  to  0.2°C  because  the  temperature  fields  in  the  region  are 
very  flat  and  the  displacements  of  the  isotherms  in  space  were 
small.  Wooster,  Schaefer  and  Robinson  (1967)  published 
sea  surface  temperature  charts  of  the  north  Indian  Ocean 
to  50S  based  on  National  Records  data.  The  isotherms  in  that 
publication  are  in  remarkably  close  agreement  to  those  of 
the  BT  data  version  in  this  atlas.  Coastal  gradients,  particu¬ 
larly  in  the  Somali  current  region  and  along  the  Oman 
Coast,  were  tighter  in  the  BT  version.  Similar  lessening  of 


current  and  coastal  gradients  may  occur  in  the  South  Indian 
Ocean  surface  temperature  charts. 

•  NORTH  AND  BALTIC  SEAS 

The  Deutsche  Hydrograph ische  Zeitsehrift.  Hamburg,  kindly 
gave  us  permission  to  reproduce  their  definitive  temperature 
charts  for  the  North  Sea  published  by  Tumc7.uk  and  (loedecke 
( 1962.  196-1).  and  for  the  Baltic  by  law.  1 1  i*71 ». 

In  order  to  complete  our  data  tapes,  data  by  1  quadrangles 
were  read  and  tabulated  from  the  published  monthly  charts  in 
the  center  of  the  quadrangles.  In  the  North  Sea  this  sufficed  for 
the  M-  and  60-m  levels.  Fortunately,  monthly  vertical  sections 
were  also  published  for  each  latitude.  Temperature  values  were 
read  from  the  sections  at  midpoint  of  each  longitude  for  levels  0. 
90,  and  120  m.  Published  contours  at  7.5,  SO,  KM)  m  and  at  the 
bottom  were  used  as  guides  in  contouring  the  temperature 
fields,  allowing  us  to  provide  more  detail  in  the  contours  than 
our  1°  derived  values  could  provide.  The  annual  cycle  curves 
produced  from  the  derived  values  are  consistent  with  the  time 
continuity  of  the  original  charts. 

In  the  Baltic,  monthly  horizontal  temperature  charts  were 
available  at  0.  SO, and (50 m,  which  could  he  tabulated  directly. 
Values  for  90, 120  and  150m  were  interpolated  from  the  published 
vertical  sections.  For  the  months  January  through  April  in  the 
Gulf  of  Bothnia,  values  were  extrapolated  from  whatever  values 
were  shown  on  the  horizontal  charts  at  SO  and  100m,  and  at  the 
bottom,  on  the  assumption  that  the  May  deep  values  were  ap¬ 
proximately  equal  to  the  minimum  values,  reached  in  midwinter 
hut  not  as  early  as  December.  Ice  lines  in  this  area  were  taken 
from  Lenz  (1971). 

•  IRISH  SEA 

Surface  temperatures  only  were  available  for  the  Irish  Sea. 
Permission  was  kindly  given  by  the  International  Council  for 
the  Exploration  of  the  Sea  (ICES)  to  reproduce  surface 
temfreratures  for  the  Irish  Sea  from  their  1902  atlas  covering  the 
North  and  Irish  Seas  and  authored  by  Dietrich.  The  same 
method  of  digitizing  values  for  each  1°  quadrangle  was  used  as 
for  the  North  and  Baltic  Seas. 


SALINITY  DATA  PREPARATION 

Salinity  and  temperature  data  on  the  NODC  1969  hydrocast 
tapes  were  extracted  at  standard  NODC  depth  levels  using  the 
first  observed  values  less  than  10  m  for  the  surface  observation 
when  a  surface  value  did  not  exist.  The  salinity  values  at  100-ft 
(20-m>  intervals  were  interpolated  from  each  observation  to 
provide  salinity  distributions  for  levels  matching  the  temperature 
analysis,  using  the  four-point  double-limb  quadratic  interpola¬ 
tion  whenever  possible.  If  either  of  the  limbs  or  the  means  lay 
outside  the  range  of  the  adjacent  values,  linear  interjHilation 
was  used. 

The  individual  observations  were  then  tabulated  for  each  10° 
Marsden  square  on  temperature-depth  and  salinity-depth  plots. 
From  these  plots  a  table  of  minimum  and  maximum  values  al¬ 
lowable  at  each  level  in  each  Marsden  square  was  created.  The 
table  was  then  used  to  screen  observations  before  they  were  in¬ 


cluded  in  the  all-data  1  quadrangle  means  When  a  hyde-M-a-t 
contained  three  or  mure  values  outside  the  c-tabli-bnl  limit-, 
the  entire  observation  was  deleted. 

The  mean  values  were  printed  as  tempera! un-depth  and 
salinity-depth  profiles  on  a  composite  plot  for  each  5  Markk  a 
square.  Additionally,  the  density  structures  were  printed  for  the 
K>?  square.  After  reviewing  the  results  the  temperature  and 
salinity  limit  table  was  revised  to  further  rest  rid  the  data  ac¬ 
cepted,  and  the  means  were  recomputed. 

The  means,  standard  deviations,  minimum  and  maximum 
values,  and  sample  sizes  were  listed  for  all  1  quadrangles  ihat 
contained  density  instabilities.  The  means  were  then  edited  l.\ 
deleting  a  portion  of  the  structure,  or  by  inserting  a  value  ob¬ 
tained  by  using  vertical  linear  interjujlal ion  between  existing 
values  to  replace  the  questionable  value  Vertical  inti -rpol.it ion 
was  used  to  obtain  a  value  that  fit  with  the  data  above  amt  below 
when  the  discontinuity  was  caused  by  a  change  in  sample  si/e 

When  all  corrections  had  been  made  the  mean  values  were 
processed  through  the  first  two  steps  of  the  main  analvsjs 
program:  horizontal  interpolation  and  smoothing  (omitting  the 
time  smoothing!.  Means  that  were  not  in  space  context  with  sur¬ 
rounding  means  were  deleted  and  the  fields  were  then 
reanalyzed. 


GEOGRAPHIC  AND  TIME  ANALYSIS  PRO¬ 
GRAM 

The  main  computer  analysis  invoked  five  separate 
computations:  (1)  linear  one-  or  two-dimensional  horizontal  in¬ 
terpolation;  (2i  horizontal  smoothing;  (2)  time  smoothing:  1 4t  ad¬ 
justment  of  false  gradients;  and  (5)  interpolation  to  100-ft  levels. 
Additionally,  the  program  produced  horizontal  and  time-series 
listings  of  the  data. 

The  first  two  steps  of  this  analysis  operated  on  each  level  and 
month  independently.  The  third  step  operated  on  twelve 
monthly  values  at  each  level  in  time,  and  the  last  two  operated 
on  values  for  a  single  month  and  position  vertically. 

•  INTERPOLATION 

In  the  tropical  regions,  one-dimensional  linear  intercalation 
along  a  latitude  was  used  to  fill  in  the  horizontal  fields.  In  the 
remaining  areas,  two-dimensional  interpolation  was  used.  The 
solution  for  the  two-dimensional  interpolation  used  an  iterative 
technique  modified  to  ignore  cells  that  represented  land  areas 
(Peaceman  and  Rachford.  1952).  Convergence  was  assumed 
when  the  maximum  relative  change  between  iterations  was  less 
than  0.0005°  C  and  the  maximum  difference  was  less  than 
0.005 °C.  In  two-dimensional  interpolation,  an  interjMdated  value 
was  equal  to  the  average  of  the  neighboring  values  (either- 
observed  or  interpolated)  in  the  columns  and  rows.  Observed 
values  were  not  altered  in  either  one-  or  two-dimensional  inter¬ 
polation. 

•  SPACE  SMOOTHING 

The  space  smoothing  process  replaces  each  value,  either 
observed  or  interpolated,  by  the  values  determined  by  a  least - 
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.1  in  the  all-data  P  quadrangle  means.  When  a  hydroeast 
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tv-depth  profiles  on  a  eomposite  plot  for  each  5°  Marsden 
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squares  fit  to  a  straight  line  of  the  three  points  centered,  where 
|Hissihle.  at  the  [mint  being  smoothed.  The  process  i>  carried 
through,  first  along  latitudes  and  then  along  longitudes.  In 
order  to  retain  gradients  in  coastal  areas,  any  I  quadrangle 
could  lie  flagged  as  a  constant.  When  flagged,  the  tallies  were 
used  in  the  spare  smoothing  but  were  not  replaced  with  a 
smoothed  value. 

•  TIME  SMOOTHING 

After  horizontal  interpolation  and  smoothing,  the  monthly 
values  for  each  level  at  the  1°  quadrangle  location  were 
smoothed  in  time.  The  time-smoothed  values  were  computed, 
using  coefficients  for  the  first  three  harmonics  of  the  Fourier 
function  fitted  to  the  monthly  space-smoothed  values  Data  that 
were  flagged  as  constants  were  not  resmoothed.  The  time 
smoothing  procedure  adjusts  means  to  mid-month  values. 

•  ADJUSTMENT  OF  GRADIENTS 

In  this  atlas  the  horizontal  gradients  in  nearshore  areas  were 
maintained  by  a  combination  of  subjective  and  computer 
analyses.  The  coastal  values  were  preanalyzed  and  held  constant 
throughout  the  main  analysis  run. 

The  analysis  program  may  generate  vertical  gradients  that 
are  not  present  in  the  observed  data  by  interpolation  over  dif¬ 
ferent  distances  at  various  levels  and  by  time  smoothing  at  loca¬ 
tions  where  the  true  subsurface  annual  cycle  curve  has  a  cusp  or 
pointed  peak  shape  that  third  harmonic  curves  cannot  produce. 

Interpolation  caused  significant  problems  in  early  runs  in 
areas  near  the  continental  shelves  with  low  data  coverage.  To 
rectify  the  problem,  values  out  to  the  492  ft  (150  ml  depth  con¬ 
tour  were  subjectively  analyzed  and  held  constant  through  later 
analysis  runs. 

The  other  type  of  inconsistency  occurs  from  October  through 
January  in  the  subsurface  levels  north  of  30°N.  In  these  areas 
the  subsurface  third  harmonic  curves  tend  to  overshoot  the  sur¬ 
face  curve,  creating  false  positive  temperature  gradients.  These 
gradients  were  removed  by  making  the  water  column  isothermal 
in  selected  months.  Real  positive  gradients,  which  occur  in  sub¬ 
arctic  regions,  in  coastal  regions,  and  along  water-mass  boun¬ 
daries.  were  not  altered  by  the  programs.  In  many  regions  the 
extent  of  the  positive  gradient  was  less  than  the  contour  interval 
and  cannot  be  identified  on  the  horizontal  charts. 

•  INTERPOLATION  TO  100-FT(30-M)  LEVELS 

In  the  Atlantic  basin  where  WHOI  data  were  used  as  the 
primary  source  file,  the  analysis  program  was  usril  for  a  fifth 
function,  to  interpolate  from  WHOI  levels  to  100-ft  (30-m  I  levels. 
The  interpolation  used  was  a  simple  linear  interpolation  using 0, 
30,andl50m  directly  forO.lOO and 492 ftand  interpolation  for  200 
ft  (60  m),  300  ft  (90  m),  and  400  ft  (120  ml  between  the  30-.  46-, 
76-,  100-,  and  150-m  levels. 


UE  SMOOTHING 

space  smoothing  process  replaces  each  value,  either 
I'd  or  interpolated,  by  the  values  determined  by  a  least- 
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FIGURE  18.  FEBRUARY  MEAN  TEMPERATURES  AT  100  FT  (30  M) 
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FIGURE  20.  FEBRUARY  MEAN  TEMPERATURES  AT  200  FT  (60  M) 
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FIGURE  22.  FEBRUARY  MEAN  TEMPERATURES  AT  300  FT  (90  M) 


FIGURE  24.  FEBRUARY  MEAN  TEMPERATURES  AT  400  FT  (120  M) 
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FIGURE  30.  MARCH  MEAN  TEMPERATURES  AT  THE  SURFACE 
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FIGURE  37.  MARCH  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  400  FT  (120 


IBUTION  OF  TEMPERATURES  AT  400  FT  (120  M) 

hm 


FIGURE  38.  MARCH  MEAN  TEMPERATURES  AT  400  FT  (120  M) 
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FIGURE  <6.  APRIL  MEAN  TEMPERATURES  AT  100  FT  (30  M) 
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FIGURE  51.  APRIL  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  400  FT  (120  M) 
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FIGURE  56.  APRIL  MEAN  DEPTHS  TO  THE  TOP  OF  THE  THERMOCLINE 
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FIGURE  57.  MAY  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  THE  SURFACE 
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FIGURE  59.  MAY  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  100  FT  (30  M) 
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FIGURE  63.  MAY  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  300  FT  (90  M) 
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FIGURE  70.  MAY  MEAN  DEPTHS  TO  THE  TOP  OF  THE  THERMOCLINE 
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FIGURE  73.  JUNE  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  100  FT  (30  M) 
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FIGURE  75.  JUNE  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  200  FT  (60  M) 
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FIGURE  76.  JUNE  MEAN  TEMPERATURES  AT  200  FT  (60  M) 
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FIGURE  79.  JUNE  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  400  FT  (120  M) 
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FIGURE  84.  JUNE  MEAN  DEPTHS  TO  THE  TOP  OF  THE  THERMOCLINE 
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FIGURE  85.  JULY  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  THE  SURFACE 


FIGURE  86.  JULY  MEAN  TEMPERATURES  AT  THE  SURFACE 
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FIGURE  87.  JULY  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  100  FT  (30  M) 


FIGURE  88.  JULY  MEAN  TEMPERATURES  AT  100  FT  (30  M) 


/ 

/ 


ICE  BETWEEN  THE  SURFACE  AND  400  FT  (Tq-T^ 


FIGURE  98.  JULY  MEAN  DEPTHS  TO  THE  TOP  OF  THE  THERMOCLINE 


FIGURE  99.  AUGUST  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  THE  SURFAC 


FIGURE  100.  AUGUST  MEAN  TEMPERATURES  AT  THE  SURFACE 


FIGURE  103.  AUGUST  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  200  FT  (60  M) 
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FIGURE  105.  AUGUST  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  300  FT  (90  M) 
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FIGURE  107.  AUGUST  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  400  FT  (120  M] 


! 


I 


JTION  OF  TEMPERATURES  AT  492  FT  (150 


FIGURE  110.  AUGUST  MEAN  TEMPERATURES  AT  492  FT  (150  M) 
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FIGURE  113.  SEPTEMBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  THE  SURFAI 
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FIGURE  114.  SEPTEMBER  MEAN  TEMPERATURES  AT  THE  SURFACE 
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FIGURE  115.  SEPTEMBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  100  FT  (30  b 
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FIGURE  117.  SEPTEMBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  200  FT  (60  Ml 
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FIGURE  118.  SEPTEMBER  MEAN  TEMPERATURES  AT  200  FT  (60  M) 
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FIGURE  126.  SEPTEMBER  MEAN  DEPTHS  TO  THE  TOP  OF  THE  THERMOCLINE 


FIGURE  128.  OCTOBER  MEAN  TEMPERATURES  AT  THE  SURFACE 
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FIGURE  130.  OCTOBER  MEAN  TEMPERATURES  AT  100  FT  (30  M) 
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FIGURE  132.  OCTOBER  MEAN  TEMPERATURES  AT  200  FT  (60  M) 
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FIGURE  133.  OCTOBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  300  FT  (90 
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FIGURE  137.  OCTOBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  492  FT  (150  M] 
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FIGURE  138.  OCTOBER  MEAN  TEMPERATURES  AT  492  FT  (150  M) 
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FIGURE  146.  NOVEMBER  MEAN  TEMPERATURES  AT  200  FT  (60  M) 
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FIGURE  150.  NOVEMBER  MEAN  TEMPERATURES  AT  400  FT  (120  M) 


FIGURE  151.  NOVEMBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  492  FT  (150  I 


FIGURE  152.  NOVEMBER  MEAN  TEMPERATURES  AT  492  FT  (150  M) 
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FIGURE  154.  NOVEMBER  MEAN  DEPTHS  TO  THE  TOP  OF  THE  THERMOCLINE 


FIGURE  155.  DECEMBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  THE  SURF, 
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FIGURE  157.  DECEMBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  100  FT  (30  I 


FIGURE  158.  DECEMBER  MEAN  TEMPERATURES  AT  100  FT  (30  M) 
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FIGURE  163.  DECEMBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  400  FT  (120 
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FIGURE  165.  DECEMBER  DATA  DISTRIBUTION  OF  TEMPERATURES  AT  492  FT  (150  M 
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FIGURE  168.  DECEMBER  MEAN  DEPTHS  TO  THE  TOP  OF  THE  THERMOCLINE 
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FIGURE  176.  ANNUAL  TEMPERATURE  RANGE  AT  100  FT  (30  M) 
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FIGURE  178.  ANNUAL  MEAN  SALINITIES  AT  200  FT  (60  M) 
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FIGURE  180.  ANNUAL  TEMPERATURE  RANGE  AT  200  FT  (60  M) 
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FIGURE  184.  ANNUAL  TEMPERATURE  RANGE  AT  300  FT  (90  M) 
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FIGURE  186.  ANNUAL  MEAN  SALINITIES  AT  400  FT  (120  M) 
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FIGURE  190.  ANNUAL  MEAN  SALINITIES  AT  492  FT  (150 
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FIGURE  212.  ANNUAL  CYCLE  TEMPERATURE  CURVES  -  MEDITERRANEAN,  REC 
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Annual  cycle  temperature  curves,  at  10*-longitude  and  5®-latitude  intervals, 
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20.  ABSTRACT  (con.) 

contrast  the  remarkable  changes  in  seasonal  cycles  from  the  northern  latitudes, 
where  tne  greatest  change  is  at  the  surface,  to  the  equatorial  current  region, 
where  the  annual  range  at  the  surface  is  very  small  and  the  subsurface  range 
is  large-  The  occurrences  of  middepth  temperature  maxima  or  minima  also  can  be 
seen  on  these  curves. 

Tight  horizontal  temperature  gradients  are  associated  with  current,  water 
mass  boundaries  or,  beneath  the  surface,  with  the  intersection  of  the  depth 
level  with  the  thermocline,  defined  as  the  depth  where  the  temperature  is  2°F 
(1.1*0  less  than  the  surface  temperature.  Charts  showing  the  temperature 
difference  between  the  surface  and  400  ft  (120  m)  are  an  estimate  of  the 
strength  of  the  thermocline  gradient  between  the  top  of  the  thermocline  and 
400  ft. 

Salinity  charts  are  presented  for  the  six  depth  levels.  They  are  all-data 
means,  rather  than  true  annual  means,  based  on  the  1969  National  Oceanographic 
Data  Center  hydrocast  tapes. 

Charts  of  annual  mean  temperatures  and  temperature  range  are  also  presented 
for  the  six  depth  levels. 

Data  analysis  was  a  combination  of  objective  computer  functions  and  subjec¬ 
tive  time  series  interpolations,  and  means  are  available  on  computer  tapes. 
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